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Preface 


This is truly an exciting time in the field of neuro-oncology, particularly in the area of high- 
grade gliomas. The management of patients with high-grade gliomas has historically been one 
of the most challenging and disheartening fields in medicine, where failure is the rule and 
longevity is the exception. The jaded often state that despite purported advances in surgical 
and radiotherapeutic techniques and a myriad of clinical trials of medical therapies, the sur- 
vival statistics for glioblastoma have not changed in the last three decades. The nihilism 
associated with these tumors is such that some practitioners still advise against treatment or 
even biopsy, recommending palliative care with the diagnosis based only on history and an 
MRI scan. If the current state-of-the-art in the diagnosis and management of high-grade 
gliomas was truly so bleak, there would be no reason to compile and publish a monograph on 
the subject. The fact is that we have recently entered an era where real progress is being made 
in our understanding and treatment of high-grade gliomas that is directly benefiting some 
patients. 

We are slowly but surely chipping away at this problem. One approach has exploited 
correlations between particular molecular markers and therapeutic response. The first such 
“breakthrough” in high-grade glioma was the observation that loss of chromosomes lp and 
19q uniformly predict chemosensitivity in anaplastic oligodendrogliomas ( 1 ). Subsequent 
work has refined this relationship using additional markers to forecast longevity in patients 
with these tumors ( 2 ). More recently we have seen similar observations in glioblastoma where 
methylation of the methyl-guanine-methyl transferase (MGMT) gene promoter is associated 
with better response to temozolomide (TMZ) ( 3 ). Similarly, co-expression of the vIII muta- 
tion of epidermal growth factor receptor (EGFR) and the PTEN tumor suppressor gene pre- 
dicts response to EGFR inhibitors ( 4 ). 

Another approach has been large multi-center clinical trials using conventional and uncon- 
ventional agents. Stupp et al have shown that radiotherapy with concurrent low dose temozo- 
lomide and subsequent high dose TMZ leads to longer survival than radiotherapy alone for 
newly diagnosed glioblastoma ( 5 ). Presently a large multicenter trial is comparing the use of 
an immuotoxin (IL13-PE39QQR) delivered by convection enhanced delivery against 
carmustine-impregnated biodegradable wafers in patients with operable glioblastoma at first 
recurrence. Yet another avenue of investigation is to use preclinical animal testing to improve 
response by refining traditional therapeutic delivery schedules, combining agents and inves- 
tigating various modes of delivery and concentrations of agents achieved in tumor, brain and 
CSF. 

So in this volume we present the spectrum of issues pertaining to high-grade gliomas from 
the basics of clinical characteristics and management to the state-of-the-art in diagnosis and 
therapeutics, as well as current areas of investigation that may lead to the treatments of 
tomorrow. We explore whether molecular diagnosis complements histology or is likely to 
supercede it, the most current information in imaging techniques to assist us in diagnosing and 
monitoring treatment, and the latest in “conventional” treatments such as surgery, radiation, 
and cytotoxic chemotherapy. 


VI 


Preface 


After decades of uniformly poor outcomes, we have entered an era where meaningful 
advances are being made in our understanding of the biology of high-grade gliomas that is 
leading to better, more rational, patient-specific treatments. I hope you find this book infor- 
mative and useful. 


Gene Barnett, MD, FACS 
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of High-Grade Gliomas 
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Richard A. Pray son 


Summary 

High-grade gliomas (HGG), as a group, are the most common primary neoplasms of the central 
nervous system (CNS). Historically, and to a great extent currently, morphologic classification has and 
does dictate treatment. This chapter reviews the pathologic features and grading parameters for high- 
grade astrocytomas, oligodendrogliomas, mixed gliomas, and ependymomas. The histologic subtypes 
of glioblastoma multiforme and the affects of radiotherapy on gliomas will be discussed. The potential 
role for cell proliferation markers (Ki-67, MIB-1) in evaluating HGGs will be examined. 

Key Words: Malignant glioma; glioma; glioblastoma multiforme; anaplastic oligodendro- 
glioma; anaplastic ependymoma; gliosarcoma; anaplastic mixed glioma; radiation; Ki-67 antibody; 
cell proliferation. 


INTRODUCTION 

High-grade gliomas (HGGs), in particular glioblastoma multiforme (GBM), are the most 
common primary tumors of the central nervous system (CNS). Despite limitations, histologic 
classification and grading continues to be the basis on which many therapeutic decisions 
are made. In recent years, recognition of the association of certain genetic alterations, most 
notably deletions on chromosomes lp and 19q with the oligodendroglioma phenotype and 
chemoresponsiveness, has had a significant impact on clinical decision making and has proven 
to be a significant addition to the morphologic evaluation of gliomas ( 1 - 4 ). This chapter will 
focus on the morphologic features of HGGs including grading, limitations of current grading 
and classification approaches, differential diagnostic considerations, and the utilization of cell 
proliferation markers in evaluating gliomas. 

DIFFUSE FIBRILLARY ASTROCYTOMA 

Diffuse or fibrillary astrocytomas account for the bulk of HGGs. Two main grading 
approaches are currently employed in evaluating astrocytomas. The modified Ringertz sys- 
tem is a three-tier approach in which tumor grade is denoted by name ( 5 , 6 ). Low-grade 
astrocytomas are marked by mild hypercellularity and atypical astrocytic cells characterized 
by nuclear enlargement, nuclear hyperchromasia, and nuclear pleomorphism. Rare mitotic 
figures may be encountered. The intermediate grade anaplastic astrocytomas (AA) are more 
cellular than the low-grade tumors. Nuclear pleomorphism is more evident and mitotic figures 
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Fig. 1 . AA characterized by prominent hypercellularity, mitotic activity, and nuclear atypia (nuclear 
enlargement, pleomorphism and hyperchromasia) (hematoxylin and eosin, original magnification 
x200). 


are more readily encountered. A subset of AA is marked by vascular or endothelial prolifera- 
tion, which accounts for the enhancement seen radiographically in HGGs. These vascular 
changes are marked by a piling up or proliferation of all the normal cellular constituents of the 
vessel wall including endothelial cells, fibroblasts, pericytes, and smooth muscle cells. The 
diagnosis of high-grade GBM, in the modified Ringertz system, requires the presence of 
geographic necrosis; the necrosis may or may not be rimmed by a pseudopalisade of tumor 
cells. 

The other main grading approach for astrocytomas which enjoys widespread use is the 
World Health Organization (WHO) system ( 7 ). The WHO system is a four-tier system in 
which tumor grade is denoted by Roman numerals I-IV. The grade I designation is used for 
certain low-grade astrocytoma variant lesions such as pilocytic astrocytoma and subependy- 
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Fig. 2. Vascular proliferative changes in a GBM (hematoxylin and eosin, original magnification 
x200). 


mal giant cell astrocytoma. The low-grade fibrillary astrocytoma of Ringertz roughly corre- 
sponds to the WHO grade II astrocytoma. WHO grade III astrocytoma includes a subset of 
the Ringertz AA (those tumors which are devoid of vascular proliferative changes) (Fig. 1). 
The WHO grade IV astrocytoma (GBM) includes those Ringertz AA that demonstrate vas- 
cular proliferative changes (Fig. 2) and the Ringertz GBM with necrosis (Fig. 3). The main 
difference between the two grading approaches, with respect to fibrillary astrocytomas, lies 
in the relative significance attached to the vascular proliferation. In the WHO system, vas- 
cular proliferative changes in the proper background, even in the absence of necrosis, are 
sufficient enough to warrant a diagnosis of GBM (grade IV). 

There are a variety of other findings that one may encounter in high-grade astrocytomas 
that do not necessarily affect tumor grade. Microcystic degeneration is a fairly common 



6 


Part I / Prayson 



Fig. 3. A GBM marked by geographic necrosis rimmed by a pseudopalisade of tumor cells (hema- 
toxylin and eosin, original magnification x 100). 


feature of fibrillary astrocytoma. About 15% of astrocytomas may demonstrate foci of micro- 
calcification. Particularly at the infiltrative edge of an astrocytoma, one may observe satel- 
litosis of tumor cells around pre-existing structures, such as vessels or neurons (Fig. 4). This 
satellitosis phenomenon, when observed in fibrillary astrocytomas, is referred to as a second- 
ary structure of Scherer and is often more pronounced at the infiltrating edge of high-grade 
astrocytomas. Focal subpial aggregation of tumor cells may be observed and occasional 
tumors may directly extend into the leptomeninges. In contrast to some of the astrocytoma 
variant lesions, Rosenthal fibers, granular bodies, perivascular chronic inflammation, and 
vascular sclerosis are relatively uncommon findings and their presence (particularly 
Rosenthal fibers and granular bodies) should prompt serious consideration before a diagno- 
sis of GBM is made. 
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Fig. 4. Satellitosis of tumor cells around cortical neurons and vessels (secondary structures of Scherer) 
at the infiltrating edge of a GBM (hematoxylin and eosin, original magnification x200). 


A subset of high-grade astrocytomas may be marked by the presence of gemistocytic 
astrocytes. These large cells are characterized by abundant eosinophilic cytoplasm (filled with 
intermediate molecular weight glial filaments) and an eccentrically placed, enlarged nucleus 
(Fig. 5). Large numbers of these cells (comprising > 20% of the tumor in one study) in a tumor 
have been associated with more aggressive behavior (8). These tumors are generally treated 
as if they are higher grade astrocytomas. Interestingly, when one evaluates such tumors with 
a cell proliferation marker such as Ki-67 (or MIB-1), the gemistocytic cells are generally 
quiescent and most of the proliferating cells are the more conventionally atypical astrocytic 
cells with the irregular, elongated, and hyperchromatic nuclei in the background (9,10). 

There are a variety of morphologic variants of GBM that have been described that are 
important to recognize primarily because of their resemblance to other neoplasms. In gen- 
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Fig. 5. Gemistocytic astrocytoma characterized by increased numbers of large astrocytic cells with 
abundant eosinophilic cytoplasm (hematoxylin and eosin, original magnification x200). 


eral, there is little difference in terms of treatment approaches or outcome between these 
morphologic variants. Gliosarcoma is one of the earliest variants recognized (Feigin tumor) 
( 11 - 14 ). The gliosarcoma consists of an admixture of recognizable glioblastomosis foci and 
areas resembling sarcoma (Fig. 6). Most commonly, the sarcoma component looks like a 
fibrosarcoma or malignant histiocytoma, although occasionally angiosarcomatous, osteo- 
sarcomatous, or chondrosarcomatous areas may be observed. When the sarcomatous com- 
ponent is spindled, a combination of a reticulin stain and glial fibrillary acidic protein 
(GFAP) immunostain may be useful in differentiating the lesion from a spindled glioblas- 
toma mutliforme. The sarcomatous component is reticulin-rich (Fig. 7); the only reticulin 
usually observed in a GBM is concentrated in foci of vascular proliferation. In contrast to 
the glioblastoma areas, the sarcoma component is GFAP negative. In a spindled GBM, 
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Fig. 6. Gliosarcoma characterized by a mixture of glioblastomatous and spindled cell sarcomatous 
patterns (hematoxylin and eosin, original magnification xlOO). 


many of the spindle cells will be GFAP positive and the spindled region reticulin poor. Pure 
sarcomas do not demonstrate GFAP immunoreactivity. Flistorically, these tumors were 
thought to arise from an initial GBM that secondarily induced a malignant transformation 
of neighboring mesenchymal cells, resulting in the development of the sarcomatous com- 
ponent. More recent genetic studies have demonstrated identical genetic alterations in the 
glioblastomatous and sarcomatous components, implying derivation from a common cell of 
origin (15,16). It would seem that astrocytomas have the capability to undergo mesenchy- 
mal differentiation, a concept further supported by the occasional reports of benign appear- 
ing mesenchymal elements in astrocytomas. 

Two particular variants of GBM that phenotypically resemble carcinomas include the 
epithelioid and small cell variants. The epithelioid variant of glioblastoma is marked by the 
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Fig. 7. A reticulin stain highlighting the reticulin rich sarcomatous component of a gliosarcoma (reti- 
culin, original magnification xlOO). 


presence of discohesive cells that have distinct cytoplasmic borders, a moderate amount of 
cytoplasm, and a rather prominent nucleus with a large nucleolus (Fig. 8) (17,18). The 
features of this variant, if predominant in a tumor, may cause confusion with a metastatic 
large cell carcinoma (or at times even melanoma). The small cell variant of glioblastoma is 
similarly characterized by a discohesive proliferation of cells with scant cytoplasm, resem- 
bling a metastatic small cell carcinoma (Fig. 9) (19,20). In many cases, these phenotypes 
are admixed with more conventional appearing areas of glioblastoma and may be diagnos- 
tically straightforward. In tumors where these patterns predominate, immunohistochemis- 
try may be employed to aid in distinguishing these tumors from metastatic carcinoma. These 
cells still variably stain with GFAP and do not generally stain with epithelial markers 
(e.g., cytokeratins, epithelial membrane antigen). Some care must be taken, however, in the 
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Fig. 8. Rounded cells with distinct cytoplasmic borders and prominent nucleolation in an epithelioid 
variant of GBM (hematoxylin and eosin, original magnification x200). 


choice of keratin antibody. Certain keratin antibodies, most notably cytokeratin AE1/3, 
show cross immunoreactivity and stain GBM, sometimes even more extensively than 
GFAP antibody does (21 ). Lower molecular weight keratin markers, such as CAM5.2, tend 
to demonstrate less crossreactivity. Interestingly, the small cell variant of glioblastoma 
appears to be somewhat genetically homogeneous in that epidermal growth factor recep- 
tor (EGFR) amplification/overexpression is invariably present in this subset of tumors 
( 20 ). 

The giant cell variant of GBM (monstrocellular sarcoma of Ziilch) is characterized by 
increased numbers of large, frequently multinucleated astrocytic cells (Fig. 10) (22). The 
cells demonstrate more atypia than the “usual” cytologic abnormality encountered in a GBM. 
There has been some suggestion in the literature, albeit limited, that this variant may be 
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Fig. 9. Small cell variant of GBM is characterized by a proliferation of small cells resembling metastatic 
small cell carcinoma (hematoxylin and eosin, original magnification x200). 


somewhat more common in younger age patients and may be associated with a slightly better 
prognosis. 

Other phenotyopic variants of high-grade astrocytoma include tumors with granular cell 
differentiation or spongioblastomatous pattern ( 23 - 25 ). The presence of granular cells in an 
astrocytoma appears to be a marker of a higher grade lesion. The granular cells are character- 
ized by abundant, finely granular cytoplasm (Fig. 1 1). The granularity is caused by an accu- 
mulation of large ly sosomes in the cell cytoplasm. The spongioblastomatous pattern is marked 
by a striking palisaded arrangement of cell nuclei with intervening fibrillary zones (Fig. 12). 

Conventional treatment for high-grade astrocytomas is radiotherapy. Radiation itself can 
induce changes in the tissue that can mimic tumor ( 26 - 28 ). The earliest morphologic changes 
associated with radiation include edema, reactive astrocytosis, and perivascular chronic 
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Fig. 10. Large, multinucleated cells characterize the giant cell variant of GBM (hematoxylin and eosin, 
original magnification x400). 


inflammation. V ascular sclerosis eventually develops with the concomitant development of 
necrosis (Fig. 13). In contrast to glioblastoma associated necrosis, radionecrosis is not 
rimmed by a palisade of astrocytic cells and it is frequently accompanied by increased 
numbers of macrophages (Fig. 14). Radiation can also induce significant cytologic atypia 
in both reactive and neoplastic astrocytes (Fig. 15), resulting (in extreme cases) in a mark- 
edly enlarged nucleus, multinucleation, and cytoplasmic vacuolation. Grading lesions that 
have been previously radiated can be difficult, particularly if the modified Ringertz system 
is being employed. Given the relative importance afforded necrosis, in the absence of a 
pseudopalisade of tumor cells around the necrotic focus, it is difficult to definitively distin- 
guish between radionecrosis and tumor necrosis. In the WHO system, vascular proliferative 
changes can additionally be employed to upgrade a lesion to GBM. Radiation also predis- 
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Fig. 11. A sheet of cells marked by finely granular cytoplasm in a granular cell GBM (hematoxylin and 
eosin, original magnification x200). 


poses one to the development of a secondary neoplasm or malignant progression in a low- 
grade lesion. 

The concept of multifocality in astrocytomas is well accepted; as many as 10 to 15% of 
astrocytomas may be multifocal. Multifocality is defined by the presence of two or more 
discrete or noncontiguous foci of tumor. Some lesions that radiographically appear to be 
distinct may represent a single tumor. The infiltrative nature of astrocytomas often allows 
them to spread far beyond what their gross and radiographic appearance would otherwise 
suggest. Infiltration of tumor via the commissural system to involve the contralateral side 
(so called “butterfly gliomas”) is, unfortunately, not uncommon. 

Rarely, astrocytomas may become diffusely infiltrative and involve most, if not all, of 
the brain. S uch a lesion is referred to as gliomatosis cerebri and is associated with a partic u- 
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Fig. 12. A focal palisaded nuclear pattern typical of the spongioblastomatous pattern in a GBM (hema- 
toxylin and eosin, original magnification xlOO). 


larly poor prognosis ( 29 , 30 ). The diagnosis of gliomatosis cerebri requires correlation of 
the pathology with the radiographic findings of a diffusely infiltrative process. Often on 
biopsy, the gliomatosis cerebri resembles a low-grade, infiltrating astrocytoma (Fig. 16). 
Tumor cells are frequently spindled and may resemble microglial cells. To distinguish 
these cells from microglial cells, a CD68 immunostain, which highlights the microglial 
cells, can be used. Small foci of high-grade appearing glioma may be observed in glioma- 
tosis. 

There are a variety of astrocytoma variant tumors that are important to distinguish from 
fibrillary astrocytomas because of their unique clinical presentation, better prognosis, and 
differences in treatment approaches. Most of these tumors are low-grade lesions (WHO 
grade I and II tumors). Rarely, some of these neoplasms may degenerate into higher-grade 
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Fig. 13. Vascular sclerosis and gliosis secondary to radiation therapy (hematoxylin and eosin, original 
magnification xlOO). 


tumors. Most commonly, this occurs in pleomorphic xanthoastrocytomas. Malignant degen- 
eration in xanthoastrocytoma (anaplastic pleomorphic xanthoastrocytomas) is a well-recog- 
nized phenomenon ( 32-34). Criteria for distinguishing the higher-grade lesion from its lower 
grade counterpart are not well defined. Some of the morphologic features (such as hyper- 
cellularity, nuclear pleomorphism, and vascular proliferation) that are utilized to assign 
tumor grade in the fibrillary astrocytomas are regular features of the pleomorphic xantho- 
astrocytoma and do not have the same implication in this setting. Anaplastic tumors are 
marked by increased mitotic activity and/or necrosis (Figs. 17 and 18). 

Malignant degeneration in pilocytic astrocytomas is an extraordinarily rare event (35). 
Most of these cases arise in the setting of ordinary pilocytic astrocytomas that are irradiated 
and subsequently undergo malignant degeneration. These tumors may demonstrate areas 
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Fig. 14. A collection of macrophages in a focus of radiation-induced necrosis (hematoxylin and eosin, 
original magnification x200). 


that make them morphologically indistinguishable from GBM. Subependymal giant cell 
astrocytomas, which are probably more akin to hamartomas, are not thought to undergo 
malignant progression. A subset of other rare astrocytic tumors (astroblastomas and desmo- 
plastic astrocytoma of infancy) may demonstrate aggressive morphologic features and may 
behave in a more aggressive fashion; however, experience is too limited in these cases to 
allow for the definition of precise morphologic criteria predictive of behavior ( 36 - 39 ). 

OLIGODENDROGLIOMA AND MIXED GLIOMA 

Historically, the grading of oligodendrogliomas has paralleled their astrocytoma counter- 
parts. Many of the same histologic features that are used to grade diffuse astrocytomas are 
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Fig. 15. Bizarre, radiation-induced atypia in a residual GBM (hematoxylin and eosin, original magni- 
fication x200). 


used to grade oligodendrogliomas; the threshold between low- and high-grade lesions is a bit 
different (40-45). The currently favored approach to grading oligodendroglioma stratifies 
them into low- (WHO grade II) and high-grade anaplastic (WHO grade III) lesions (46). 

Low-grade oligodendrogliomas are marked by a rather monomorphic proliferation of 
cells with rounded nuclei and scant cytoplasm. The tumors are associated with an arcu- 
ate or “chicken wire” capillary vascular pattern and approx 80% of tumors are calcified. 
Like fibrillary astrocytomas, oligodendrogliomas are infiltrative tumors. Tumor cells 
have a propensity to satellite around pre-existing structures in the cortex (e.g., neurons, 
vessels) and subpial aggregation of tumor cells is common. Focal microcystic degenera- 
tion may be observed, resulting in a pattern resembling the dysembryoplastic neuroepithe- 
lial tumor or rare low-grade protoplasmic astrocytoma. A subset of tumors contains cells 
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Fig. 16. Gliomatosis cerebri often resembles a low-grade astrocytoma with spindled nuclei (hematoxylin 
and eosin, original magnification x200). 


referred to as “minigemistocytes.” The cells contain rounded oligodendrocyte nuclei with 
increased eosinophilic cytoplasm filled with intermediate molecular weight glial filaments 
(Fig. 19). 

High-grade tumors are generally more cellular than low-grade tumors (Fig. 20). Nuclear 
pleomorphism is more prominent and in some tumors may approach the variation in nuclear 
size and shape that marks high-grade astrocytomas. Mitotic activity is more prevalent and 
often approaches and exceeds five mitotic figures/ten high power fields. Vascular prolifera- 
tion and foci of necrosis may be present (Fig. 21). Some tumors resemble GBM with palisaded 
necrosis (Fig. 22). These tumors should not, however, be referred to as GBM; tumors of 
oligodendroglial lineage generally have a better prognosis and are more likely to respond to 
chemotherapy. 
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Fig. 17. Anaplastic pleomorphic xanthoastrocytoma with focus of geographic necrosis (hematoxylin 
and eosin, original magnification xlOO). 


It is not unusual, in an otherwise typical appearing oligodendroglioma, to find occasional 
atypical appearing astrocytic cells; admixture of astrocytoma and oligodendroglioma cells 
in the same tumor have been recognized since the early 1970s as a mixed glioma (oligo- 
astrocytoma) ( 47 ). Two patterns of this tumor have been described. In one pattern, there is 
a diffuse admixture of cellular elements in the tumor. In the other pattern, geographically 
distinct areas of astrocytoma and oligodendroglioma are juxtaposed to one another in the 
same neoplasm (Fig. 23). Unfortunately, precise criteria regarding what percentage of a 
minor component needs to be present in order to designate the lesion a mixed glioma 
varies; the literature suggests anywhere between 20 and 35% as a guideline in this regard 
( 48 - 51 ). The diagnosis is further complicated by the lack of a reliable immunomarker for 
oligodendroglial cell differentiation, making distinction of cell types sometimes challeng- 


Chapter 1 / Histologic Classifications 


21 



Fig. 18. Increased mitotic activity in an anaplastic pleomorphic xanthoastrocytoma (hematoxylin and 
eosin, original magnification x200). 


ing, particularly in the so-called diffuse pattern of the tumor. The GFAP antibody generally 
does not stain oligodendroglioma cells well, with the notable exception of the mini- 
gemistocytes. In theory, astrocytoma cells should stain with GFAP; however, in the 
higher grade, more poorly differentiated tumors, not all tumor cells stain. The extent of 
sampling also becomes an issue regarding diagnosis. One cannot comfortably make a diag- 
nosis of mixed glioma on a small biopsy; the lesion needs to be sampled extensively enough 
to ensure that the designation is in fact an appropriate reflection of what the neoplasm 
actually is. 

Given the previously enumerated problems, it is not surprising that the literature is 
difficult to interpret on this subset of tumors. Many studies either fail to clearly define what 
is meant by mixed glioma or they include mixed gliomas in studies of oligodendrogliomas. 
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Fig. 19. Minigemistocytic oligodendroglial cells with increased cell cytoplasm in an oligodendroglioma 
(hematoxylin and eosin, original magnification x200). 


Assessing the behavior of these tumors has been difficult. More recently, the molecular 
evaluation of mixed gliomas (oligoastrocytomas) for loss on chromosomes lp and 19q has 
helped to clarify this issue. Mixed gliomas which are lp/19q deleted appear to act more like 
oligodendrogliomas (i.e., more likely to benefit from a course of chemotherapy and have a 
better prognosis), and tumors which are lp/19q intact act more like astrocytomas (52). 


EPENDYMOMAS 

As a group, ependymomas are the least common of the gliomas but they comprise a signifi- 
cant percentage of gliomas in children. The most commonly employed grading systems for 
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Fig. 20. Increased cellularity and nuclear pleomorphism in an anaplastic oligodendroglioma (hematoxy- 
lin and eosin, original magnification x200). 


ependymomas are two-tiered systems in which tumors are graded as low-grade (WHO grade 
II) and anaplastic (WHO grade III) ependymomas ( 53 ). The histologic hallmark of ependymo- 
mas is the formation of true ependymal rosettes and perivascular pseudorosettes (Fig. 24). 
Tumors may demonstrate microcystic change, calcification, and melanin pigmentation. Simi- 
lar to diffuse astrocytomas and oligodendrogliomas, anaplastic ependymomas are more cellu- 
lar than low-grade tumors, more pleomorphic, and more mitotically active (Fig. 25). They may 
demonstrate vascular proliferative changes and/or necrosis (Fig. 26). Similar to oligodendro- 
gliomas, the precise criteria required to distinguish an anaplastic tumor from a low-grade tumor 
are not well established ( 54 - 60 ). 

Many of the higher grade tumors resemble high-grade astrocytomas and the rare clear cell 
variant of ependymoma can mimic an oligodendroglioma. Similar to astrocytomas, ependymo- 
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Fig. 21. Prominent vascular proliferative changes in an anaplastic oligodendroglioma (hematoxylin and 
eosin, original magnification x200). 


mas are GFAP and S-100 protein positive. Keratin immunoreactivity may also be observed, 
particularly in epithelial-type ependymomas. When the rosettes and pseudorosettes are not 
obvious in a high-grade tumor, or the biopsy is limited, ultrastructural examination of the 
neoplasm may be required to identify the tumor as ependymal. Features unique to ependymo- 
mas (vs other) FIGGs include cilia, microvilli, ciliary attachments (blepharoplasts), and cell 
junctions (Fig. 27). 


GRADING ISSUES 

There are a number of limitations to currently employed, morphologic-based grading 
approaches in gliomas. The fact that there are continuous efforts at improving grading 
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Fig. 22. Focal palisaded necrosis in an anaplastic oligodendroglioma (hematoxylin and eosin, original 
magnification x200). 


schemas implies recognition of the limitations of the current approaches and a lack of 
agreement regarding the relative importance of certain parameters in assigning grade. 

Superimposed issues related to tumor heterogeneity and the implications for tumor sam- 
pling further complicate matters. HGGs are notoriously heterogeneous lesions; different 
areas of the tumor may have a different appearance ( 61 , 62 ). This has significant implica- 
tions with regard to surgical sampling. To ensure that the tissue sampled represents the 
highest grade area of the tumor underscores the importance of intraoperative correlation of 
the radiographic findings and communication between the surgeon and pathologist in the 
context of intraoperative consultation ( 63 ). 

Given the descriptive nature of the currently employed histologic grading systems, there 
is inherent interobserver variability in grading ( 64 - 66 ). This variability extends beyond the 
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Fig. 23. Anaplastic mixed glioma (oligoastrocytoma) marked by geographically distinct areas resem- 
bling astrocytoma and oligodendroglioma (hematoxylin and eosin, original magnification x200). 


grading arena and impacts the assignment of tumor type. This is particularly true in differ- 
entiating one HGG type from another and is particularly operative in the differential diag- 
nosis of high-grade astrocytoma vs anaplastic oligodendroglioma vs malignant mixed 
glioma. The interobserver variability in grading underscores the intrinsic limitations of the 
descriptive grading systems. This can to some extent be compensated for either by experi- 
ence or in a group setting, by collectively reviewing diagnoses and tumor grade assignments 
and refining personal criteria to conform to the group ( 67 ). 

CELL PROLIFERATION MARKERS 

All of the aforementioned limitations to tumor grading and even to some degree assign- 
ment of tumor type has prompted numerous studies attempting to define other parameters 
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Fig. 24. Prominent perivascular pseudorosette formations in a anaplastic ependymoma (hematoxylin 
and eosin, original magnification xlOO). 


that assist in predicting behavior in a given patient and indicate optimal treatment options. 
The utility of certain molecular markers has already been alluded to and is the subject of 
another chapter. 

One of the other groups of markers that has proven useful in evaluating tumors are the 
cell proliferation markers. There are a variety of markers (e.g., radioactive, flow cytometric, 
and immunohistochemically based) that have been explored in detail (68). Of the currently 
available modalities, the most practical and effective marker is Ki-67 or MIB-1 antibody 
(69-77). These markers stain a nuclear protein that is expressed during the proliferative 
phases of the cell cycle. The immunostaining has the advantage of being relatively easy to 
perform, easy to interpret, and relatively inexpensive. Labeling indices are determined by 
computing the percentage of positive staining tumor cell nuclei. Correlation between either 
histologic-grade or prognosis and the labeling indices have been demonstrated; high-grade 
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Fig. 25. Prominent hypercellularity and nuclear pleomorphism in an anaplastic ependymoma (hema- 
toxylin and eosin, original magnification x400). 


tumors have higher labeling indices than low-grade tumors. Labeling indices are particu- 
larly useful in tumors that are histologically “on the fence” with regard to grade. A higher 
labeling index would be suggestive of a more proliferative lesion (more likely higher grade). 
A low labeling is less informative. A low index may indicate a lower grade lesion or it may 
be the result of sampling. Gliomas demonstrate regional heterogeneity in cell proliferation 
(Fig. 28A,B)- A low index may be reflective of sampling and selection of an area of the 
tumor that is not very proliferative. Among high-grade tumors (GBM), there is no indication 
that labeling indices add any additional prognostic value. 

The labeling index is subject to some limitations. Aside from the issue of tumor heteroge- 
neity, indices may be affected by a variety of factors including source of antibody, staining 
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Fig. 26. Vascular proliferative changes in an anaplastic ependymoma (hematoxylin and eosin, original 
magnification xlOO). 


conditions, and interobserver variability in counting. Labeling indices may, therefore, vary 
somewhat from one lab to another. Because of these limitations, the establishment of precise 
cutoff indices with regard to grade or prognosis is not appropriate. The general value of the 
index is more important than the precise number generated. 

CONCLUSION 

In the near future, morphologic assessment of tumors will remain the basis of prognos- 
tication and treatment/management. The overall approach to evaluating gliomas, however, 
is becoming more multifaceted, utilizing a combination of imaging, histology, evaluation 
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Fig. 27. Cilia and cell junctions ultrastructurally mark ependymomas and allow for their distinction from 
other gliomas (original magnification x3600). 


of cell proliferation, protein expression, and molecular evaluation of the tumor. The search 
continues for markers that predict outcome in an individual patient and predict treatment 
response (or non-response). 
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Summary 

The field of glioma classification is currently entering a new era with the introduction of para- 
digms based on molecular information. Rather than supplanting traditional morphology-based clas- 
sification schemes, it is anticipated that emerging molecular biologic, genomic, transcriptomic, and 
proteomic data will complement and augment existing morphologic and immunophenotypic data, 
providing for a more accurate and refined stratification of glioma patients for directed therapies and 
for the resolution of several problematic issues inherent in histological classifications. Two different 
approaches are contributing to the improvement of glioma stratification. The first is the analysis of 
alterations of a limited number of genes or gene products of recently demonstrated impact on patient 
survival and response to therapy, such as deletion status of chromosomes lp and 19q in oligodendro- 
glial tumors, and 0(6)-methylguanine-DNA methyltransferase (MGMT) promoter methylation in 
glioblastoma. The second is a more comprehensive analysis of the tumor genome, transcriptome, or 
proteome, which may in itself provide refined subclassification, or may identify specific relevant 
biomolecules for use in the single gene analysis approach. Both paradigms have already exerted a 
tangible and growing impact on glioma classification, yet it is highly likely that we have only just begun 
to exploit their potential contributions. 

Key Words: Molecular classification; glioma; transcriptomics; genomics; proteomics; tissue 
microarray; MGMT; PTEN; lp; 19q. 


INTRODUCTION 

The histopathologic classification of diffuse gliomas by microscopy has a long and storied 
history. Many different classification and grading systems of increasing precision and clinical 
utility have been proposed. Currently applied classifications, such as the modified Ringertz 
systems of Burger ( 1 ) and Nelson ( 2 ), the St. Anne-Mayo system ( 3 ), and the World Health 
Organization (WHO) system ( 4 ) are largely based on morphologic pattern recognition and 
relative weighting of various histologic features, with supportive input provided by immuno- 
phenotypic studies using monoclonal (MAbs) and polyclonal antibodies (PAbs) directed 
against various differentiation and cell proliferation makers. The clinical usefulness of these 
time-tested glioma classification systems cannot be overemphasized. In addition, the techni- 
cal simplicity and cost efficiency of rendering a diagnosis based on the examination of a 
hematoxylin and eosin-stained tissue section by simple light microscopy are unparalleled. 
Nevertheless, morphology-based tumor stratification exhibits a number of shortcomings 
(Table 1). Among these are (1) subjectiveness, (2) inability to substratify patients within a 
given major tumor category, such as anaplastic astrocytoma (AA), and (3) inability to predict 
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Table 1 

Some Shortcomings of Traditional Morphology-Based Tumor Classification Systems 

• Subjective classification criteria open to variable interpretation and relative weighting by 
individual evaluators. 

• Nonpredictive of individual patient survival within a given tumor type and grade. 

• Nonpredictive of individual tumor response to particular therapeutic regimens. 


Table 2 

Two Current Paradigms for Molecular Classification of Gliomas 

• Sequential assay of a small number of genes or gene products of known significance (e.g., Ip, 
19q, 9p, lOq, PTEN, P16 INK4A , TP53, EGFR, MGMT). 

• Simultaneous assay of a large number (hundreds or thousands) of genes or gene products by 
any one of a number of high-density, high-throughput techniques, followed by statistical 
analysis to identify glioma subsets and robust classifiers. Techniques include gene expression 
profiling, array comparative genomic hybridization and proteome profiling. 


patient response or lack thereof to specific therapeutic regimens. Subjectiveness or ambiguity 
of interpretation is usually not an issue for gliomas that exhibit classical morphology — such 
as typical glioblastomas that show pleomorphism, fibrillary cytoplasmic processes, florid 
micro vascular proliferation, and zones of tumor necrosis with pseudopalisading — or for oligoden- 
drogliomas with monotonous, uniform cells, bland round nuclei, and prominent perinuclear 
halos; however, in a significant percentage of diffuse gliomas, there exists either a mixture of 
cells with either astrocytic or oligodendroglia features, or a large percentage of cells exhibit 
a combination of astrocytic and oligodendroglial features. At different times throughout the 
history of glioma classification, the neuropathology Zeitgeist has variously favored including 
such morphologically ambiguous tumors in the astrocytic camp, the oligodendroglial camp, 
or in a hybrid category called mixed oligoastrocytoma in which there may be topographically 
separate areas of astrocyte-featured cells and oligodendrocyte-featured cells, or the two popu- 
lations may be intimately intermixed, or there may be a tertium quid variant in which all of 
the tumor cells display features that are intermediate between those of classical astrocytoma 
and classical oligodendroglioma (5). 

Therefore, there is a clearly defined need for a more refined, individually tailored, and less 
subjective glioma classification. Contemporary molecular and genomic techniques provide a 
wealth of possible avenues for improving current glioma stratification. 

MOLECULAR CLASSIFICATION PARADIGMS 

There are two paradigms for the molecular classification and substratification of diffuse 
gliomas that are currently enjoying widespread investigation and application (Table 2). The 
first is based on the assay of only a very small number of genes or gene products of known 
importance. The second approach employs a more global analysis of hundreds or thousands 
of genes using contemporary high-density, high-throughput genomic technologies. Both 
approaches have proven fruitful in preliminary molecular classification attempts. 
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Table 3 


Contemporary Genomic, Transcriptomic, and Proteomic Techniques 
Used for Data Acquisition for Molecular Classification Studies 


DNA 

RNA 

Protein 

Genome 

Transcriptome 

Proteome 

Array CGH 

Expression microarrays 

MALDI-TOF MS 

FISH + TMA 

SAGE 

Protein arrays 
Antibody arrays 



TMA + Ab 


Abbr: Ab, monoclonal and polyclonal antibodies; CGH, comparative genomic 
hybridization; FISH, fluorescent in situ hybridization; MALDI-TOF MS, matrix- 
assisted laser desorption/ionization time-of-flight mass spectrometry; SAGE, 
serial analysis of gene expression; TMA, tissue microarray. 


PATIENT STRATIFICATION BASED ON ASSAY 
OF A SMALL NUMBEROF MOLECULAR MARKERS 

The term “molecular classification,” in the most basic sense, implies the use of molecular 
data to effect or facilitate the reliable and reproducible stratification of patients into groups 
that have differing prognostic or therapeutic implications. Contemporary basic and transla- 
tional molecular biological research has yielded a number of molecular marker assays with 
proven prognostic and/or therapeutic significance in high-grade gliomas. The most salient of 
these is deletion testing for markers on chromosomes lp and 19q in oligodendrogliomas. 
Co-deletion of markers on both chromosomal arms is associated with better response to 
therapy, increased time to recurrence, and increased survival compared with morphologically 
similar tumors that lack this molecular signature ( 6 - 14 ). In this instance, the assessment of 
only two chromosomal regions yields a clinically significant dichotomous molecular classi- 
fication of oligodendroglial tumors. Assay of a few additional molecular markers, such as 
TP53 mutation can be used to generate an even finer molecular substratification of anaplastic 
oligodendrogliomas into four prognostically significant groups ( 6 ). Another prominent example 
of molecular stratification using only a single gene assay is the assessment of epigenetic silenc- 
ing of 0(6)-methylguanine-DNA methyltransferase (MGMT) by promoter methylation in 
high-grade astrocytomas. Patients with tumors that exhibit MGMT gene promoter methyla- 
tion survive longer after treatment with temozolomide and radiation therapy compared with 
patients with tumors that lack this feature ( 15 - 1 7 ). Thus, MGMT promoter methylation status 
permits the molecular subclassification of glioblastoma patients into two different treatment 
response groups. 

MOLECULAR STRATIFICATION BASED ON TRANSCRIPTOME 
PROFILING, COMPARATIVE GENOMIC 
HYBRIDIZATION, AND PROTEOME PROFILING 

A number of contemporary high-density genomic, transcriptomic, and proteomic tech- 
niques are available that could potentially provide data useful for tumor molecular classifica- 
tion and novel class discovery (Table 3). In theory, quantitative information on DNA 
alterations, mRNA (cDNA) levels, or protein composition and quantities could be used to 
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• Light microscopy 

• Electron microscopy 

• Immunocytochemistry 

• Genomics & Transcriptomics 

• Proteomics Next ! 


separate gliomas into meaningful subsets for diagnostic, prognostic, and/or therapeutic pur- 
poses. Currently, transcriptome profiling ( 18 - 26 ) and array comparative genomic hybridiza- 
tion ( 27 - 30 ) are the dominant methodologies that have been used to generate molecular 
classifications of the diffuse gliomas. Initial experiments using proteomic data to subclassify 
gliomas have also been reported ( 31 ). 

Several conclusions can be drawn from the collective experience on molecular classifica- 
tion of gliomas using genomic and transcriptomic techniques to date: (1) molecular classifi- 
cation can separate tumor types and grades as well as and often better than histopathologic 
classification, (2) gene expression profiling can identify subgroups within histologic tumor 
types that are not identifiable by morphologic or immunophenotypic evaluation, and (3) 
nosologic groups identified by expression profiling have prognostic significance with respect 
to patient survival. In addition, it is clear that the analysis of hundreds or thousands of genes 
or gene products, although a logical starting point, is not necessary once robust classifier genes 
have been identified. Rather, the paradigm that is evolving is the initial quantitation of thou- 
sands of genes, followed by statistical analysis to identify small sets of only a few genes that 
are strong classifiers. These markers can then be used to stratify tumors for various ends, such 
as prognosis, susceptibility to specific therapeutic regimens, or resistance to specific thera- 
pies. Sets as small as three genes have proven as powerful as the indiscriminant evaluation of 
hundreds of genes in classifying gliomas ( 19 ). This then raises the possibility of design of 
relatively simple chip sets for diagnosis that would be feasible from both technological and 
cost efficiency perspectives for widespread routine diagnostic application. Additionally, it 
may also be possible to select for robust classifier gene sets that code for expressed proteins 
for which antibodies could then be raised, thereby “translating” genomic classification into 
protein immunohistochemical classification. In contrast to high-density gene expression plat- 
forms and array comparative genomic hybridization (CGH) technology, immunohistochem- 
istry is available in virtually all modern hospital diagnostic clinical laboratories. 

CONCLUSIONS 

Numerous studies by multiple institutions over the past several years have convincingly 
demonstrated the power and ability of molecular approaches to classify and substratify diffuse 
gliomas. In the words of Nutt and colleagues, “Gene expression-based classification of 
malignant gliomas correlates better with survival than histological classification ( 25 ).” At 
the same time, it is equally true that classical histopathological evaluation of gliomas provides 
much useful information and no cogent arguments for discontinuing morphologic and 
immunophenotypic diagnosis and classification studies have been advanced. Morphologic 
evaluation has the advantages of simplicity, cost effectiveness, and a long history of proven 
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useful application. Although it is hazardous to attempt to predict the future, it seems likely that 
morphology will continue for some time to provide the foundation for glioma classification, 
with molecular analysis judiciously applied as warranted to provide more refined stratifica- 
tion as continued research unveils additional applications. 

The history of tumor classification is replete with examples of the influence of technologi- 
cal advances (Table 4). The invention of the light microscope was arguably the single greatest 
advance in tumor nosology, introducing the modern era. Other waves of progress were pro- 
vided by the transmission electron microscope for ultrastructural analysis and the introduction 
of immunocytochemistry for differentiation antigen identification. Currently, transcriptomic 
techniques (gene expression profiling) and genomic techniques (array comparative genomic 
hybridization and related techniques) are exerting a strong influence on the field. Proteomic 
technology is likely to have an increasing influence in the future as the field matures. 
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Summary 

Brain tumors are the second-most common neoplasm in children, and the most common solid 
tumor. Glial tumors comprise about 40% of the primary brain tumors that occur in children. Slightly 
more than 50% of the glial neoplasms are low-grade tumors, and these are almost all pilocytic astro- 
cytomas that occur in the cerebellum, optic apparatus, and diencephalon. As with adults, HGG in 
children may occur anywhere in the central nervous system (CNS). However, in children, there tends 
to be a greater percentage of tumors that are localized in the deep gray matter, cerebellum, and espe- 
cially within the brainstem. Despite technological advances in neuroimaging, improvements in surgi- 
cal techniques, advances in radiotherapy, and the proliferation of new anti-neoplastic agents, the 
prognosis for survival of high-grade glioma in children has only improved marginally over the past 
several decades. Although the prognosis for survival of supratentorial high-grade glioma is not as 
ominous in children as in adults, this survival advantage may be in part a result of stronger constitution 
of children as well as differences in the molecular genetic substrate of the neoplasm. 

Key Words: Pediatric gliomas; brainstem HGG; supratentorial HGG. 

INTRODUCTION 

Brain tumors are the second-most common neoplasm in children, and the most common 
solid tumor. The incidence of brain tumors in children, based on an analysis of several studies, 
is 2 to 3 per 100,000 children per year ( 1 ). Glial tumors comprise about 40% of the primary 
brain tumors that occur in children. Slightly more than 50% of the glial neoplasms are low- 
grade tumors, and these are almost all pilocytic astrocytomas that occur in the cerebellum, 
optic apparatus, and diencephalon. A relatively common tumor in adults, the fibrillary infil- 
trating astrocytomas (referred to as low-grade astrocytomas or grade II astrocytomas), is very 
rare in childhood. The high-grade brainstem glioma and high-grade supratentorial gliomas 
each account for 20% of pediatric gliomas, with the remaining 5 % occurring in the cerebellum. 
In total, high-grade gliomas (HGG) make up about 5% of all pediatric neoplasms ( 2 ). As with 
adults, HGG in children may occur anywhere in the central nervous system (CNS). However, 
in children, there tends to be a greater percentage of tumors that are localized in the deep gray 
matter, cerebellum, and especially within the brainstem. The HGG of the brainstem, which 
will be discussed separately in great detail, tend to be easy to identify with neuroimaging, and 
do not require biopsy for diagnosis ( 3 - 5 ). The clinical behavior of the high-grade brainstem 
gliomas tends to follow a rather predictable course with early response to radiotherapy and 
recurrence within about 1 yr ( 6 , 7 ). The clinical course of the supratentorial and cerebellar 
HGG is not as predictable in children as it is in adults. Regardless, both the genetic alterations 
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are different than in adults and the outcome is somewhat better for children than adults ( 8 ). 
There is limited information about the genetic alterations that lead to HGG formation in 
childhood malignant gliomas. The molecular changes that have been found are more like those 
in the adult secondary glioblastoma than in the denovo pathway. However, other genetic 
changes suggest that the early mechanisms of tumorigenesis is different in children than in 
adults ( 9 ). 

Despite technological advances in neuroimaging, improvements in surgical techniques, 
advances in radiotherapy, and the proliferation of new anti-neoplastic agents, the prognosis 
for survival of high-grade glioma in children has only improved marginally over the past 
several decades. The historical data suggest that only about 20% of children survive 3 yr post- 
diagnosis. Although the prognosis for survival of supratentorial high-grade glioma is not as 
ominous in children as in adults, this survival advantage may be in part a result of stronger 
constitution of children as well as differences in the molecular genetic substrate of the neo- 
plasm ( 7 ). However the infratentorial high-grade glioma, especially the intrinsic pontine 
glioma, remains one of the most treatment-resistant tumors, with an ultimate prognosis similar 
to adults with glioblastoma multiforme (GBM). 

NONBRAINSTEM MALIGNANT GLIOMAS 
Clinical Presentation 

The clinical presentation may be quite different in infants and young children for several 
reasons. The skull bones do not begin to fuse until after 2 to 3 yr of life, and relatively slow- 
growing tumors, even if they have a malignant histology, can cause considerable macrocrania 
before causing increased intracranial pressure (ICP). The fact that the intracranial volume is 
not fixed as it is in older children and adults also explains why many infants present with 
nonlocalizing signs such as behavioral changes. The tumors in infants tend to be located more 
along the midline and therefore hydrocephalus may occur because of blockage of cerebrospi- 
nal fluid (CSF) at the level of the foramen of Monroe, the third ventricle, the aquaduct of 
Sylvius, or as a result of obstruction of the outflow tracts of the fourth ventricle. Aside from 
hydrocephalus, macrocrania may occur because of tumor volume alone. The clinical exami- 
nation of an infant or toddler may show splitting of the cranial sutures and an enlarged or 
bulging fontenelle without any signs of increased ICP, including absence of papilledema. 
Unless there are well documented head circumference measurements performed as part of the 
standard well-child care, the diagnosis of macrocrania may be delayed for months. When the 
intracranial volume does expand faster than the skull can accommodate, increased ICP can 
occur and manifest itself as changes in feeding patterns or vomiting. Early in the course of the 
illness these changes can mimic common childhood viral infections. As the pressure increases, 
the infant or young child may become more irritable. In extreme situations, the long-standing 
hydrocephalus may cause optic atrophy and optic pallor without any evidence of papilledema. 
As with older children and adults, focal neurologic signs and seizures may occur ( 2 , 10 ). 

The presentation in children out of the infant and toddler stage is similar to adults. In a study 
that was published as computer tomography (CT) was becoming first available noted that the 
mean duration of symptoms prior to diagnosis for children with GBM was 13 wk ( 11 ). Head- 
ache is the earliest and most common symptom, occurring in almost 60% of children. Vom- 
iting occurs in 40% and seizures in 30%. Eight percent of children have more than one 
symptom at the time of diagnosis and 69% have symptoms for less than 3 mo. The neurologic 
examination is abnormal in 94% of children at the time of diagnosis ( 2 ). 
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Treatment Considerations 

As in adults with malignant glioma, there is difficulty in developing treatment trials and 
interpreting results; the problem, however, is considerably more difficult in children because, 
as rare as these tumors are in adults, there are far fewer pediatric patients to study. 

Role of Surgery 

Some debate remains around the use of aggressive surgery as part of the overall treatment 
for HGG. However, there are data to suggest that, in those tumors amenable to safe surgical 
resection, the overall long-term survival may be dramatically improved in those children in 
which a gross-total resection is accomplished. As with adult gliomas, aggressive surgery is not 
possible for those tumors that involve eloquent volumes of cortex, deep gray matter structures, 
central structures, cerebellar nuclei, and peduncles and brainstem. The most important study 
to suggest a role for aggressive resection involved 131 children with anaplastic astrocytomas 
and GBM. The distribution of location was supratentorial in 63%, deep/midline in 28%, and 
posterior fossa in 8%. In this study, children were treated with surgical resection followed by 
either radiotherapy followed by eight cycles of chemotherapy (vincristine, CCNU, and pred- 
nisone) or two cycles of 8-in-l chemotherapy followed by radiotherapy, then an additional 
cycles of 8-in-l chemotherapy. In this study, those children that underwent a gross-total or 
near-total resection (defined as greater than 90% resection but less than total) fared much 
better than those children that had a sub-total resection (defined as less than 90% resection) 
or biopsy. The 5-yr progression-free survival (PFS) was 35 ± 7% for the > 90% resection group 
vs 17 ± 4% for the group with < 90% resection. For the subset of children with anaplastic 
astrocytomas, the 5-yr PFS was 44 ± 11% and 22 ± 6% respectively and for the children with 
GBM, the 5-yr PFS was 26 ± 9% and 4 ± 3% respectively ( 12 , 13 ). 

Role of Radiotherapy 

The role of radiotherapy in the treatment of malignant gliomas of childhood is well estab- 
lished. Radiotherapy has become a standard treatment in all but very young children (defined 
by different authors as less than 3 yr to less than 6 yr of age). In one historical report, children 
with anaplastic astrocytoma treated with surgery and radiotherapy had a 29% 5-yr survival 
and a 26% 10-yr survival ( 14 ). In another report of children with malignant gliomas 
treated with radiotherapy between they years 1957 and 1980, the dose of radiotherapy did 
correlate with outcome; those that were treated with 54-60 Gy had a 60% 5-yr survival vs 
those treated with 35-50 Gy. Another observation was that those with midline tumors fared 
poorly when compared with hemispheric tumors; 0% vs 44% 5-yr survivals respectively. The 
patients with grade III gliomas (anaplastic astrocytoma) had survivals of 74% at 1 yr, 56% at 
2 yr, 36% at 5 yr, and 32% at 10 yr, suggesting a slightly better outcome in children vs 
adults with anaplastic astrocytoma. In this same study, the children with GBM had survivals 
of 44% at 1 yr, 26% at 2 yr, 4% at 5 yr, and there were no survivors at 10 yr, which is similar 
to the overall survival as observed in adults with this disease ( 15 ). In another study of 50 
children, 13 with GBM, 29 with anaplastic astrocytomas and 8 with other malignant gliomas, 
the median time to tumor progression was 31 wk, with a median survival of 98 wk, and a 3- 
yr survival of 32%. The 5-yr survival is not reported in this series, as only 8 patients remained 
censored at the time of publication ( 16 ). Other studies showed a 5 to 10% 5-yr overall survival 
( 17 ) and a 24% 1-yr overall survival ( 18 ) in similarly treated patients. 

For most malignant gliomas, fractionated radiotherapy is the most accepted method of 
treatment. Involved-field radiation has been conventionally delivered by standard opposing 
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fields, although in the past decade the use of conformal fields has become more accepted. 
Because many of these tumors disseminate early in their course, a staging evaluation (imaging 
of the entire neuroaxis with a contrast-enhanced magnetic resonance imaging [MRI] and CSF 
sampling) is required for all tumors located in the posterior fossa or that involves CSF path- 
ways. In those circumstances where leptomeningeal spread of tumor is identified, consider- 
ation for craniospinal irradiation is recommended. There are some groups that recommend 
craniospinal irradiation irrespective of the staging evaluation if the tumor is located in the 
cerebellar hemispheres or involves CSF pathways. Obviously, irradiating the spine will impact 
on the ability to administer high quantities of cytotoxic chemotherapy, as the bone marrow of 
the vertebrae are essential in hemopoetic activity in children. Regardless, the biggest problem 
with high-grade gliomas, irrespective of location, is local disease recurrence ( 19). 

Role of Chemotherapy 

As with adults, there are hundreds of studies reporting the efficacy (and lack of efficacy) 
of many different chemotherapeutic agents in treating this disease. Conventional dose studies 
have been performed with the nitorsoureas (BCNU and CCNU), the platinum agents (cisplatin 
and carboplatin), vincrisitine, etoposide (VP- 16), cyclophosphamide and ifosfamide, 
procarbazine, topotecan, and others. Fligh-dose chemotherapy using combination chemo- 
therapy with BCNU, carboplatin, etoposide, thiotepa and others followed by either autologous 
bone marrow rescue and more recently autologous stem cell rescue has been used to treat high- 
grade glioma as well. 

The role of chemotherapy was first explored (and established) in a randomized trial of 58 
children conducted by the Children’s Cancer Group. Patients were randomized and treated 
with maximal surgical resection and involved-field radiotherapy with or without eight cycles 
of chemotherapy (CCNU, vincristine and prednisone). The 5-yr PFS was 18% in the radio- 
therapy group and 46% in the radiotherapy plus chemotherapy group (event-free survival, 
p = 0.026; overall survival,/? = 0.067). The overall 3-yr survival was 19% in those children 
with GBM and 60% in those with anaplastic astrocytoma (20). 

The use of pre-irradiation chemotherapy was explored in a later Children’s Cancer Group 
study where the radiation + chemotherapy arm (CCNU, vincristine and prednisone) of the 
prior study was compared to two cycles of pre -radiation 8-in-l chemotherapy followed by 
radiotherapy and then eight additional cycles of 8-in- 1 chemotherapy. There was no difference 
in outcome between the two treatment arms of this study (21 ). 

The role of high-dose chemotherapy followed by autologous bone marrow rescue (AuBMR) 
was explored in eleven children with GBM. The children were treated with myeloablative 
doses of BCNU, thiotepa, and etoposide, followed by AuBMR, and then were treated with 
54Gy radiotherapy in standard fractions. There were 3 survivors (27%) at 2.9, 3.9, and 5.1 yr 
after treatment. One of these children developed non-Hodgkin’s lymphoma 3.5 yr after treat- 
ment, 2 died of toxicity, and 6 died of their primary disease (22). In another trial conducted 
at relapse, the use of a high-dose thiotepa and etoposide regimen followed by AuBMR resulted 
in a 30% long-term disease control rate, although the children that did well had complete or 
near-complete surgical resections prior to treatment (23). A more recent report utilized high- 
dose induction chemotherapy in 21 children with high-grade gliomas (10 with glioblastoma, 
9 with anaplastic astrocytoma, 2 with anaplastic oligodendroglioma). The location of these 
tumors was supratentorial in 17, spinal in 2, and posterior fossa in 2. Eighteen patients had 
residual disease after surgery. The induction therapy consisted of two courses of cisplatin 
(30 mg/m 2 ) plus etoposide (150 mg/m 2 ) x 3 d and vincristine (1.4 mg/m 2 ), cyclophospha- 
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mide (1.5 gm/m 3 ) and methotrexate (8 gm/m 2 ) followed by thiotepa (300 mg/m 2 x 3 doses), 
with harvesting of the peripheral stem cells after the first cisplatin and etoposide course. 
Following this induction, children were treated with involved-field irradiation and then were 
maintained on conventional doses of CCNU and vincristine. At a median of 57 mo, the overall 
survival was 43% and the progression-free survival was 46% (24). 

In adults, temozolomide has become part of the standard approach to the treatment of GBM 
and often used in the initial treatment of anaplastic astrocytomas and other glial neoplasms 
(25). The efficacy of temozolomide in the setting of recurrent high-grade astrocytoma in 
childhood was explored in a multicenter, phase II trial. Patients were stratified on the basis of 
tumor location: supratentorial and cerebellar biopsy-proven grade III or IV astrocytoma (Arm 
A, n = 25) or diffuse, intrinsic brainstem glioma (Arm B, n = 18). Children were treated with 
5 d of temozolomide at a dose of 200 mg/m 2 /d and repeated every 28 d or when the bone 
marrow recovered. The response rate was 12% (95% confidence interval [Cl] 2-31%) for 
patients in Arm A and 6% (95% Cl 0-27%) in Arm B. Of the three responders in arm A, the 
duration of response was 7, 8, and 24+ mo, with a median survival of 4.7 mo. Of the children 
with brainstem tumors, there were no early responders but a partial response was seen in one 
patient after seven cycles. There were 3 additional patients with stable disease for 4, 6, and 
28+ mo. If stable disease is taken into consideration the partial response and stable disease 
response rate was 22% (95% Cl 6-48%) (26). In a more recent study of 15 children with 
recurrent HGG, (including 7 with oligodendroglioma features) treated with temozolomide at 
a dose of 200 mg/m 2 /d x 5 d, in 28 d cycles, the reported overall response rate was 20%, with 
a median progression-free survival of 2.0 mo (range 3 wk to 34+ mo) and a progression-free 
survival rate of 20% at 6 mo (27). 

MALIGNANT BRAINSTEM GLIOMAS 
Clinical Considerations 

Brainstem tumors account for 10 to 20% of all childhood brain tumors (28). Before the 
introduction of the MRI, the certainty of correctly diagnosing a brainstem glioma was often 
in question. Even with CT, the technical limitations resulted in poor sensitivity to distinguish 
the myriad of tumors and other pathology in the posterior fossa. Not only was distinguishing 
the more malignant diffuse pontine glioma from the less aggressive focal pontine glioma 
uncertain, other diseases such as acute disseminated encephalomyelitis ( ADEM) affecting the 
brainstem (also known as brainstem encephalitis) could mimic the clinical presentation and 
CT radiographic appearance of the diffuse pontine glioma. Therefore, the natural history 
of many of the brainstem tumors could not be defined until the late 1980s, and the validity 
of retrospective studies are questionable, because the current and more accurate methods of 
correct diagnosis could not be certain (3-5). This discussion will focus on the diagnosis and 
treatment of the intrinsic pontine glioma and the intermediate grade gliomas in this region. 

Clinical Presentation 

The clinical presentation will depend on the exact location of the tumor within the brainstem, 
the rate of growth, and whether or not the flow of CSF is disturbed. In general, there is often 
involvement of individual or multiple cranial nerves, long-tract signs and disturbances of 
coordination. Bulbar symptoms, including swallowing and speech difficulties, are very com- 
mon. If CSF flow is disrupted, headache and vomiting may occur, along with limitation of 
upgaze and alteration of motor tone. Exophytic lesions and those involving the cervicomedullary 
junction may not cause cranial nerve dysfunction early in the course of the illness, but tend 
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to present with unsteadiness, nausea, and vomiting. Symptoms may develop over the course 
of days, or may stretch out for months or years. In general, gliomas of the posterior midbrain 
and tectal plate will present with macrocrania and symptoms of hydrocephalus. Depending on 
the extent of the lesion, impairment of upgaze and pupils that do not react to light (but will react 
to near accommodation) may also be present ( 29 ). 

General Neuroimaging Considerations 

MRI generally allows for a rapid and usually accurate diagnosis. Because of the widespread 
availability of CT in emergency departments, some patients will come to diagnosis by way of 
CT, although this technique is generally inferior to MRI in terms of sensitivity and specificity. 
The CT appearance of the diffuse pontine glioma typically is a low-density lesion in the 
brainstem with associated compression and obliteration of the surrounding cisterns. The 
fourth ventricle is often distorted and displaced posteriorly, and obstructive hydrocephalus is 
common. There is little, if any, enhancement, even with HGG. Less frequently, the lower-grade 
gliomas affecting the brainstem are isodense or hyperdense and contain cystic areas. Exo- 
phytic portions of the tumor are only moderately well delineated on CT. If the diagnosis of a 
brainstem glioma is suspected by CT, the diagnosis should be confirmed with an MRI ( 3 - 5 ). 

The presence and extent of infiltrating brain stem gliomas is best seen with MRI. The 
higher-grade infiltrating gliomas are usually seen as masses with decreased signal intensities 
on T r weighted images and increased signal intensity lesions on T 2 -weighted images. The 
tumors typically involve and expand the entire pons, and will often extend into the higher 
brainstem regions and beyond, as well as caudally into the medulla and upper cervical spinal 
cord. These tumors tend not to enhance with contrast agents, or do so only minimally. In some 
cases the tumor seems surprisingly demarcated and localized to one brain stem site, which is 
often associated with a less aggressive tumor ( 3 - 5 ). Because the higher grade gliomas can 
disseminate early in the course of the disease, many centers are performing complete spinal 
cord MRIs with and without contrast at the time of diagnosis to investigate for leptomeningeal 
spread ( 8 , 10 - 12 , 30 - 32 ). 

Pathology Correlation By Means of N euroimaging 

The standard management of most brain tumors is deferred until after tissue has been 
obtained for pathologic examination. Although a biopsy can be safely performed on most 
brainstem tumors, their remains a risk and it is doubtful as to whether there is any benefit to 
the biopsy procedure given the excellent predictive value of the MRI. The principal prognostic 
factors found for patients with gliomas have been the location of the tumor and its histology; 
however, there is excellent correlation between the location and appearance of the tumor on 
MRI and the clinical course, obviating the need for pathologic examination. Several investi- 
gators have developed a proxy pathologic-pathophysiologic paradigm for brainstem gliomas 
based on the MRI appearance of the tumor. 

The diffuse infiltrating pontine glioma has an aggressive course, even when the histology 
may suggest the tumor is a low-grade glioma in those patients that do undergo biopsy, sug- 
gesting a sampling effect. In general, infiltrating tumors in the upper portion of the brainstem, 
particularly those of the diencephalon and upper midbrain, tend to be lower grade and have 
longer survival following radiotherapy, when compared with the survival in patients with 
intrinsic pontine gliomas, but like the intrinsic pontine gliomas are not amenable to resection. 
In addition, there is no evidence to suggest improved survival with surgery for those with 
diffuse infiltrating tumors. Patients with cervicomedullary tumors, which may be intrinsic or 
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Fig. 1 . These images show the typical MRI appearance of a patient with a diffuse pontine glioma. (A) 
Sagittal T1 with gadolinium. (Continued on next page.) 


exophytic, tend to have a benign histology, usually that of a pilocytic astrocytoma; some can 
be cured with surgery alone although the routine use of surgery has been recently questioned. 
The focal brainstem and exophytic pontine gliomas have a variable degree of aggressiveness 
and debulking surgery followed by radiotherapy may lead to a longer survival, although the 
risk of worsening the neurologic function should be considered ( 33 - 37 ). 

Brainstem Malignant Glioma Subtypes 

Diffuse Infiltrating Pontine Glioma 

This tumor may occur at any age but is most common between 5 to 10 yr of age, and is 
distinctly uncommon before 2 yr of age ( 38 ). The typical presentation of this tumor is a triad 
of cranial nerve palsies, ataxia, and cerebrospinal tract dysfunction. Most often the Vlth and 
Vllth cranial nerves are involved (sometimes unilaterally), and the motor and cerebellar signs 
often involve contralateral limbs. Symptoms may be present for several weeks but some 
patients come to medical attention within hours of their first complaint. On occasion, signs and 
symptoms of hydrocephalus (headache, irritability, and limited upgaze) may be the factor that 
brings the patient to medical attention. The MRI (Fig. 1) appearance and clinical course for 
these tumors is quite typical and there is seldom a question of diagnosis. These tumors are 
hypointense on T1 weighted images and hyperintense on T2 weighted images. They may 
involve the entire pons and appear to expand the entire body of the affected portion of the 
brainstem. There may be patchy and variable enhancement of the mass, but often there is no 
enhancement. At times the tumor appears to wrap around the basilar artery. These tumors may 
have exophytic components, and may also invade through the cerebellar peduncles or extend 
up into the midbrain or down into the pons ( 3 - 5 , 36 ). The routine evaluation of patients with 
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Fig. 1 . (Continued from previous page.) (B) coronal T1 with gadolinium, (C) axial fluid-attenuated 
inversion recovery (FLAIR) image. 
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these tumors should include a complete spinal MRI to evaluate for leptomeningeal spread of 
tumor (LMS), which is not an uncommon finding ( 32 , 33 ). 

The initial neurologic symptoms often respond partially with the use of dexamethasone or 
another corticosteroid, although the improvement in function is temporary. The dose of ste- 
roids is not standardized and should be the minimal dose necessary to control symptoms. 
Children may require steroid therapy for weeks to months, therefore monitoring of blood 
pressure and blood sugar is recommended. Although not routinely practiced, the use of pro- 
phylactic antibiotic therapy (usually trimethoprim + sulfamethoxazole or pentamidine) may 
be considered for prevention of pneumocystis pneumonia. The risk of gastric ulceration needs 
to be considered, and although the use of proton pump inhibitors, H2-blockers, or buffering 
agents has not been proven to decrease the risk of ulceration, they are commonly used. 

Approximately one-third of patients will present with symptomatic hydrocephalus, and 
either a shunting procedure or a third ventriculostomy should be considered. Asymptomatic 
or presymptomatic hydrocephalus is quite common and these children will need close moni- 
toring during the initiation of therapy, as symptoms of progressive hydrocephalus can often 
mimic the side-effects of treatment ( 2 , 33 , 39 ). The standard treatment for these tumors is focal 
radiotherapy with 1 - to 2-cm margins around the tumor, usually at a dose of 4500 to 5500 cGy 
delivered daily in fractions of 1 80 to 200 cGy. There is a survival advantage to those children 
treated with more than 5000 cGy ( 40 ). Most children have a clinical improvement and radio- 
graphic response following treatment. Even as the steroids are tapered, the neurological 
examination and MRI will improve, and occasionally return to normal. However, the median 
time to progression is about 6 mo, with the overall duration of survival in the range of 9 to 
13 mo; approx 10% of patients are alive in a relapse-free state 18 mo after diagnosis ( 2 , 6 , 
40 ). 

Several treatment trials explored the use of hyperfractionated radiotherapy, using twice- 
daily (or thrice-daily) smaller radiation fractions (typically using 100 cGy doses in a bid 
regimen). The use of higher total treatment dosages may result in improved tumor control and 
survival rates. This technique also would take advantage of the fact that healthy brain tissue 
is better able to tolerate higher total dosages of radiotherapy if the individual dose fractions 
are smaller. Finally, the rapidly dividing tumor cells would not be able to repair DNA breaks 
during the time between dose fractions, whereas normal tissue (the relatively nonprofilerating 
neurons, glial, and endothelial cells of the brain) would be relatively spared the damaging 
effects of this treatment. The Children’s Cancer Group treated 66 children with 7800 cGy of 
hyperfractionated radiotherapy in 100 cGy bid fractions. This treatment was well tolerated. 
Unfortunately the 1-yr survival rate of 35% and 3-yr survival rate of 1 1% was no different than 
historical controls ( 41 ). The Pediatric Oncology Group conducted a similar study of 136 
children treated with either 6600 cGy, 7020 cGy, or 7560 cGy in 1 10 cGy bid fractions, and 
had similar disappointing results. The 1-yr survival was 47% and the 2-yr survival was 6%, 
with the median time to progression of 6.5 mo ( 42 ). In yet another study, the total treatment 
doses of 64.8, 66, 72, and 78 Gy were given using a similar bid fraction scheme. The response 
rate using hyperfractionated radiotherapy ranged from 62 to 77% b ut did not result in improve- 
ment in time to disease progression or impact on ultimate survival ( 43 , 44 ). Because none of 
these studies altered the outcome of this disease, at this time the standard radiotherapy treat- 
ment consists of daily (5 d/wk) fractions of 1 80 to 200 cGy with a total treatment dose of about 
5400 cGy. Because of the high risk of radiation necrosis, there is not a role for stereotactic 
radiosurgery, such as would be delivered by the Gamma Knife or Linac-based radiosurgical 
method. 
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Chemotherapy 

Numerous trials of chemotherapy, used either in an adjuvant or neo-adjuvant setting have 
not demonstrated benefit. Most of the earlier trials involved single or multiple agents in a 
phase II setting. More recent studies have involved the use of neo-adjuvant chemotherapy or 
concurrent chemotherapy and/or radiation sensitizers with irradiation. Although results from 
some of these trials were initially encouraging, the final results have been uniformly disap- 
pointing as well (44,45,47-50). 

Etoposide (VP- 16) was used to treat 12 patients at the time of tumor progression, and 
demonstrated a remarkable 50% response rate, which was durable for a median of 8 mo. The 
dosing of etoposide was a conventional regimen (50 mg/m 2 /d x 2 1 d with 14 d of rest between 
cycles). All patients had received prior radiotherapy at diagnosis (51). Subsequent studies 
using various agents have failed to show consistent results and to date there is no standard 
relapse therapy given to patients with this tumor. 

The Children’s Cancer Group conducted a randomized trial of two different arms of inten- 
sive pre-irradiation chemotherapy followed by hyperfactionated radiotherapy. Children were 
randomly assigned to receive three courses of carboplatin, etoposide, and vincristine (arm A, 
n = 32), or cisplatin, etoposide, cyclophosphamide, and vincristine (arm B, n - 31). Granu- 
locyte colony-stimulating factor was used in both arms. Following chemotherapy, both groups 
received 7200 cGy of radiation in 100 cGy bid fractions. The radiographic response rate to the 
chemotherapy was 10 ± 5% in arm A and 18 ± 9% in arm B. Event-free survival was 17 ± 5% 
at 1 yr and 6 ± 3% at 2 yr. Although those children that responded to the chemotherapy had 
a longer survival, the authors concluded that neither chemotherapy regimen meaningfully 
improved response rate, event-free survival, or overall survival (52). 

In a study using standard dose radiotherapy (54-60 Gy in 1 . 5- 1 . 8 Gy/d daily fractions) and 
high-dose tamoxifen (200 mg/m 2 /d) the median survival was 10.3 mo, with a 1-yr survival rate 
of 37.0 ± 9.5%, which the authors conclude did not improve the prognosis for this tumor (53). 

The most intensive chemotherapy regimen has employed high-dose chemotherapy with 
autologous bone marrow rescue, which failed to improve survival for children with this tumor (54). 

Effective therapy for the intrinsic pontine glioma has remained one of the most elusive in 
neurooncology. Most investigators conclude that the standard approach to treating these 
tumors begins with staging of the tumor and if contained to the pons, treating with standard 
dose radiotherapy delivered in a single daily fraction to the tumor plus a 1- to 2-cm margin. 
Leptomeningeal dissemination is present in one-third of children at diagnosis and if identified 
at diagnosis, or at any time in the illness, radiotherapy can be used with a palliative attempt 
to treat the involved areas. Although there is no evidence that neoadjunctive or adjunctive 
chemotherapy prolongs the time to relapse, the use of low-dose etoposide or experimental 
agents may be considered at relapse. The survival in patients with this particular tumor has not 
improved in the last several decades despite escalating both radiation and cytotoxic chemo- 
therapy dosing to the maximum tolerated levels. Further advances will likely require a unique 
chemotherapeutic agent or biological agent. 

Dorsal Exophytic Brainstem Tumors 

Dorsal exophytic brainstem gliomas are a distinct subgroup of neoplasms that account for 
20% of all brainstem tumors. They generally have a relatively benign histology and slow 
growth characteristics, and do not carry the near universal dismal prognosis seen in the intrin- 
sic pontine gliomas. However, some do have higher grade histology, but do not share the same 
dismal prognosis of the intrinsic pontine glioma. 
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These tumors may present in early infancy and generally appear before puberty. They most 
often grow out of the floor of the fourth ventricle and into the ventricle itself, as opposed to 
invading the brainstem. The tumor may obstruct the flow of CSF. The MRI appearance is 
hypointense on T1 and hyperintense on T2, but unlike the more malignant intrinsic pontine 
glioma, these tumors have sharp borders and enhance intensely with contrast. And unlike 
many other brainstem tumors, they are sometimes amenable to surgical excision with a posi- 
tive outlook (55). 

Symptoms can be insidious, and patients may have a mild set of symptoms for months or 
years before the diagnosis is made. The initial symptoms may be caused by intermittent 
obstruction of CSF flow. Occasional vomiting and failure to thrive without overt neurologic 
signs may result in prolonged evaluations by specialists without correct diagnosis. Because 
of the location, the child may have only mild or intermittent cranial nerve paresis, and may not 
have any pyramidal tract findings unless the tumor is invasive. Symptoms will vary by age, 
with failure to thrive and chronic vomiting seen in infants, whereas older patients present with 
a combination of headache, vomiting, and ataxia (4). 

The treatment for these tumors is primarily surgical, although a complete surgical excision 
is usually not feasible because there is not a plane between the tumor and brainstem. In 
addition, the tumor can invade a large area of the brainstem surface, in which case only the 
exophytic component can be removed. CSF flow may be re-established with successful 
debulking, but if this is not possible a ventriculo-peritoneal shunt or third ventriculostomy will 
be necessary. 

These tumors most often have a low-grade glial histology and tend to be grade I or grade 
II astrocytomas. However, higher grade astrocytomas and gangliogliomas have been reported 
and therefore surgical consideration needs to be considered with each patient. The small 
percentage of tumors that recur typically remain histologically benign and are amenable to 
repeat tumor excision. Following a surgical excision, even if there is remaining tumor, it is 
reasonable to withhold radiotherapy or other treatments in favor of expectant observation with 
interval MR imaging and examinations (55-57). 

Radiation therapy has been generally reserved for patients with either HGG or progression 
that is not amenable to repeat surgery. For those patients with high-grade neoplasms, it is 
recommended that surveillance MRI of the spine be performed to properly stage the patient’s 
disease. Unless there is evidence of tumor spread, involved-field radiotherapy using standard 
dose and dose-fractions is recommended (55-57). 

Brainstem Tumors and Neurofibromatosis Type I 

Gliomas are far more common in persons with neurofibromatosis type 1 (NF-1) than in the 
general population. Although most of these tumors occur along the visual pathway (i.e., optic 
nerves, optic chiasm with or without hypothalamic involvement, and extending into the optic 
tracks) and most of these are low-grade gliomas, some gliomas may occur in the brainstem and 
have higher grade histology (58). It is both difficult and important to distinguish true neoplasm 
from the focal areas of signal intensity that are commonly found in children with NF1 . These 
focal areas of signal intensity, which are bright on both FLAIR and T2 weighted images, are 
common in the deep gray masses, the brainstem and cerebellum, and may have some mass 
effect. These MRI abnormalities are often found on surveillance scanning or on scanning 
performed for clinical problems unrelated to brainstem function. In most instances, observa- 
tion with repeated examinations and repeated imaging is all that is necessary. However, if the 
child does have progressive neurologic signs related to the area of involvement, surgical 
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biopsy for confirmation and either chemotherapy, radiotherapy, or both would be indicated 
for malignant pathology. Children with NF1 and intrinsic brainstem masses have a better 
prognosis than the typical child with a pontine glioma ( 58 - 61 ). 

Malignant Glioma of the Spinal Cord 

As with adults, malignant gliomas of the spinal cord are rare. The natural history is not well 
defined but these tend to be as aggressive as their corresponding tumors in the brain. The 
standard treatment involves confirmation by biopsy and surgical resection if possible. Follow- 
ing staging with brain and spine MRI, standard dose radiotherapy is considered the standard 
of care. In a Children’s Cancer Group study, 18 children with malignant glioma of the spinal 
cord were treated with maximal surgical resection, followed by 2 cycles of 8-in-l chemo- 
therapy, standard involved-field radiotherapy, and then 8 additional cycles of 8-in-l chemo- 
therapy. The histology of these tumors included 4 GBM, 8 anaplastic astrocytomas, 1 mixed 
malignant gliomas, and 5 with discordant malignant glioma pathology. The surgical results 
included six with gross-total or near-total resections, four with partial or subtotal resections, 
and three with biopsy only. Leptomeningeal spread of tumor was identified in six of these 
children at the time of diagnosis. The 5-yr PFS as 46 ± 14%. Seven of 13 of the children (54%) 
were alive at a median of 76 mo (51-93 months) from the end of treatment ( 62 ). 

CONCLUSIONS 

As with adults, the successful treatment of malignant gliomas in children remains elusive. 
Aggressive attempts at surgical resection and radiotherapy are the backbone of treatment, with 
chemotherapy as a helpful adjunct in the nonbrainstem high-grade gliomas. There is a survival 
advantage for those patients that do undergo successful gross-total or near-total resections of 
their tumors, and there does seem to be a survival advantage if chemotherapy is added to 
radiotherapy as opposed to radiotherapy alone. For the intrinsic pontine glioma standard 
irradiation offers the most tolerable treatment, and more intense therapy has not been shown 
to be helpful. Treatment using high-dose chemotherapy with bone marrow or stem cell rescue 
has not resulted in any long-term benefit in terms of duration of survival in any of these 
patients. As with adult gliomas, insights into the molecular mechanisms of tumor pathogen- 
esis and treatments designed to alter these mechanisms may result in better treatments. 
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Summary 

Why adults develop high-grade gliomas (HGG) is still unknown. These aggressive tumors may 
present in a number of ways, depending on such factors as growth rate and anatomic location. Whereas 
standard histopathological and epidemiological studies have helped us categorize patients with HGG 
into risk groups, treatment results for most patients are still unsatisfactory. An improved epidemiologi- 
cal understanding of brain tumors in conjunction with continued advances in the use of molecular 
markers will hopefully lead to better treatment and prevention strategies. This chapter serves as an 
introduction into the epidemiology of HGG and their associated risk factors. We also present the 
neurological signs and symptoms that a glioma may cause, and the prognostic factors used for estimat- 
ing survival. 

Key Words: Glioblastoma; brain tumor; glioma; epidemiology. 

INTRODUCTION 

This chapter is an introduction to the clinical characteristics of adult high-grade glioma 
(HGG). Included within the designation of high-grade or malignant gliomas are anaplastic 
astrocytoma (AA), glioblastoma multiforme (GBM), anaplastic oligodendroglioma (AO), 
anaplastic oligoastrocytoma (AOA), and anaplastic ependymoma. The discussion below 
reviews relevant epidemiologic data and risk factors for developing HGG. Also reviewed 
are the general and focal neurological signs and symptoms that a glioma may cause and the 
prognostic factors used for estimating survival. 

EPIDEMIOLOGY 

HGG are the most common primary central nervous system (CNS) neoplasms. They also 
continue to be among the top ten causes of cancer-related deaths despite a relatively low 
incidence when compared with other cancers. According to the American Cancer Society, an 
estimated 17,000 new cases of primary malignant brain tumor were diagnosed in 2002 in the 
United States (9600 in males and 7400 in females) ( 1 ). This represents 1.3% of all cancers 
diagnosed in 2002; however, an estimated 13,100 deaths in 2002 were attributed to primary 
malignant brain tumors, approx 2% of cancer-related deaths in the US ( 1 ). 

The incidence rate of primary malignant brain tumor is 6.4 cases/100,000 person-yr. This 
rate is higher in males (7.6/100,000 person-yr) than females (5.4/100,000 person-yr) ( 2 ). The 
global incidence rate of primary malignant brain tumor is 3 .6/ 1 00,000 person-yr in males and 
2.5/1 00,000 person-yr in females . The incidence rates are higher in more developed countries 
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(males: 5.9/ 100,000 person-yr; females: 4.1/100,000 person-yr) than in less developed 
countries (males: 2.8/100,000 person-yr; females: 2.0/100,000 person-yr). The prevalence 
rate for primary malignant brain tumors is 29.5/100,000 persons. It is estimated that in the 
United States more than 81,000 persons are living with a diagnosis of primary malignant 
brain tumor ( 3 ). 

Recently, some have questioned whether brain tumor incidence is increasing. Review and 
comparison across time periods or across studies is difficult because of such problems as 
diagnostic discrepancies and ascertainment bias in registry data. Nonetheless, after extensive 
review, this apparent increase is thought to be to the result of many factors including better 
diagnostic procedures, better access to medical care, and better care for the elderly, all leading 
to greater detection rather than an actual increased incidence ( 4 , 5 ). Nevertheless, more uni- 
form and unbiased diagnosis and registration methods must become accepted and employed 
before this issue is truly resolved. 

Age, Gender, Ethnicity, and Geography 

Whereas a malignant glioma can occur at any age, the average age of onset for glioblastoma 
is 62 yr ( 2 ). In general, gliomas affect males 40% more frequently than females ( 6 ). According 
to a recent study, this greater incidence of glioblastoma in males becomes evident around the 
age of menarche, is greatest around the age of menopause, and then decreases, suggesting a 
possible protective effect provided by female hormones ( 7 ), though such a protective effect 
is merely speculation. 

Glioma incidence data is subject to variations in diagnostic and reporting techniques 
amongst different ethnicities or geographic regions. As stated previously, brain-tumor inci- 
dence tends to be higher in countries with more developed medical care; however, this is not 
always the case. For example, the incidence rate for malignant brain tumors in Japan is less 
than half of that in Northern Europe ( 5 ). In the United States, gliomas are more common in 
Caucasians than in African Americans, non-white Flispanics, Chinese, Japanese, and Filipi- 
nos ( 5 ). These dissimilarities are hard to attribute exclusively to differences in access to health 
care or diagnostic practices. Conceivably, incidence is affected by genetics in a manner that 
has yet to be exposed. Chen et al. showed that among adults with astrocytic glioma of any 
grade, tumors from Caucasians had different spectra of genetic abnormalities when compared 
with non-Caucasian patients ( 8 ). Such discoveries warrant further research into the possible 
implications of differences in genetics amongst races playing a significant role in tumoro- 
genesis. 


Risk Factors 

Research into the etiology and possible contributing causes of gliomas is ongoing, but is 
hindered by many factors including the relative rarity of the disease and rapid death of patients 
with aggressive subtypes. As such, studies to date have revealed little with regard to specific 
causal factors. High-dose therapeutic ionizing radiation to the head, administered for benign 
conditions or for cancer treatment, has been shown to increase the risk of glioma as well as 
meningioma and nerve sheath tumors ( 9 ). 

Other established risk factors include the hereditary genetic syndromes listed in Table 1. 
These syndromes explain less than 5% of glioma cases. Outside of these known genetic 
syndromes, information on familial aggregation is indefinite at best. There does seem to be 
a slightly increased incidence of glioma in first-degree relatives, and a gender predominance 
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Table 1 

Hereditable Genetic Syndromes 


Syndrome 

Gene affected 

CNS lesion 

Chromosome 

Li-Fraumeni syndrome 

p53 

Malignant glioma 

I7q 

Neurofibromatosis 1 

NF1 

Glioma of optic pathway /brainstem 

17ql 1 

Neurofibromatosis 2 

NF2 

Acoustic neuroma, meningioma 

22ql2 

Tuberous sclerosis 

TSC1, TSC 2 

Subependymal giant cell 
astrocytoma, cortical tuber 

9q34, 16pl3.3 

Von-Hippel-Lindau 

VHL 

Hemangioblastoma of 
cerebellum/spine 

3p25 

Turcot’s syndrome 

APC 

Glioblastoma multiforme, 

medulloblastoma 

5q21 

Retinoblastoma 

RBI 

Pineoblastoma 

13ql4 

Gorlin’s Syndrome 

PTCH 

Medulloblastoma 

9q22.3 

Lhermitte-Duclos/ Cowden 

PTEN 

gangliocytoma of cerebellum 

10q23.2 


with malignant gliomas being more common in males than females; however, a well-defined 
mode of inheritance is not readily evident. Several “glioma families” have been followed over 
time, but the pattern of inheritance is indistinct as tumors seem to skip generations, have 
variable times of onset and, in parent-child pairs, the child is often diagnosed before the parent 
( 10 ). Various segregation analyses of familial glioma favor an autosomal recessive mode of 
inheritance, but a multifactorial model was not rejected and deserves further analysis ( 11 ). 
Additionally, other segregation analyses favor a polygenic model. Armed with this informa- 
tion, investigators have initiated studies of genetic polymorphisms that, when coupled with 
certain environmental exposures, may lead to brain tumors. Unfortunately, several studies of 
genetic alterations involved in oxidative metabolism, DNA stability and repair, and immune 
response have led to conflicting reports ( 5 ). Clearly, more precise explanations of the etiologic 
and therapeutic relevance of this information continue to be hindered by low incidence of 
disease, and await further studies. 

Numerous noninherited risk factors also have been examined in relation to brain tumors. 
For example, there have been several studies suggesting a possible role of the immune system 
in tumorogenesis. For instance, people who received polio vaccines contaminated with the 
SV40 virus have been shown to be at increased risk of developing glioma, though other studies 
have failed to support this claim ( 5 ). Viral antigens from JC virus and human herpes virus 6 
have been detected in brain tumor subtypes, but their possible etiologic role is unclear ( 12 , 13 ). 
Nucleic acids and proteins from human cytomegalovirus (hCMV) have also been found in 
FIGG ( 14 ). Intriguingly, other studies have indicated that prior infection with vermicelli zoster 
may decrease glioma risk. Likewise, there appears to be an inverse association of allergic 
diseases (e.g., asthma, eczema, general allergy) with glioma, further suggesting an immuno- 
logic role in the formation of glioma ( 5 ). Of course, more study is needed to elaborate the 
potential role of viruses, allergic diseases, and allergy medicines in brain tumor development. 

Another area of concern discussed in the popular media is that of a possible risk from 
exposure to electromagnetic fields through power lines. To date, the overwhelming amount 


62 


Part II / Butowski and Chang 


of evidence does not support any such relationship ( 15 , 16 ). However, there continues to be 
anecdotal concern over such matters fueled by increased exposure to radio frequency involved 
in the increased use of handheld phones and wireless radio devices. Again, numerous studies 
fail to indicate a causal relationship ( 17 , 18 ). In fact, a recent case-control study found no 
relationship between brain cancer mortality and radiofrequency exposure ( 19 ). Of course, the 
effects of long-term exposure remain to be determined. Another area of popular concern is the 
possible association between head trauma and brain tumor risk. To date, no correlation between 
head trauma and glioma has been supported. In fact, a recent study comparing adult patients with 
glioma and a history of head injury requiring medical attention with controlled patients failed 
to support an association during an average of eight years of follow up ( 20 ). However, there 
was a slight increased risk in the first year following the injury that the authors attributed to 
increased detection. This leaves a measure of uneasiness about unequivocally denying an 
association between head trauma and brain-tumor development. 

Studies of diet, vitamins, alcohol, tobacco, and environmental exposures have revealed 
little information about the cause of glioma. Nitrate exposure from cured meats likely does 
not influence brain-tumor development ( 5 ). However, reliable assessment of true exposure 
to nitrates is difficult, mainly because of widespread potential exposure through tobacco 
smoke and cosmetics, not to mention the endogenous digestive exposure. Although tobacco 
is a nearly ubiquitous environmental source of carcinogens, studies have not supported a role 
in developing a brain tumor ( 21 ). Alcohol consumption does not seem to increase one’s risk 
of developing a glioma, and may actually decrease risk ( 22 ). Lastly, little to no significant 
association with increased brain-tumor risk has been found with exposure to pesticides, 
synthetic rubber, or agents known to be carcinogens, including vinyl chloride and petro- 
chemicals ( 5 ). 


CLINICAL PRESENTATION 

Symptoms or signs of brain tumors are produced by the tumor mass, the adjacent edema, 
or the infiltration and destruction of normal tissue. However, these symptoms and signs and 
are best appreciated by considering the tumor location and growth rate. For example, rapidly 
growing tumors located in eloquent cortex or along the ventricular system may manifest after 
only a small amount of growth. Those in less eloquent areas of the brain may manifest only 
after substantial growth. Moreover, no specific sign or symptom is pathognomonic for a brain 
tumor. 

Brain tumors can cause either “generalized” or “focal” neurological dysfunction. Included 
within the “generalized” grouping are those signs and symptoms related to increased intrac- 
ranial pressure (ICP) and seizures. Increases in ICP may result from cerebral edema (damage 
to brain tissue from tumor infiltration), vasogenic edema (produced by leakage of the blood- 
brain barrier), obstruction of cerebrospinal fluid (CSF) flow, or obstruction of venous flow. 
Under these conditions, the patient may develop headache, nausea, vomiting, lassitude, and 
visual abnormalities like papilledema or diplopia. An acute rise in ICP (as caused by blockage 
of CSF pathways or hemorrhage into the tumor) may cause a sudden onset of these symptoms 
accompanied by a significant change in level of alertness. If elevations in ICP go untreated, 
patients may develop herniation. There are three general types of herniation: tentorial, tonsil- 
lar, and subfalcine. 

Tentorial herniation involves displacement of the uncus over the edge of the tentorium 
cerebelli, with resulting compression of the third cranial nerve producing an ipsilaterally 
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dilated pupil. As displacement continues, the midbrain is pushed away from the displaced 
hemisphere, resulting in the contralateral cerebral peduncle being pressed up against the 
tentorium. The injury to the cerebral peduncle, also known as Kernohan’s notch, results in 
hemiparesis on the same side of the body as the tumor; this is often referred to as a false 
localizing sign. If untreated, further downward and medial displacement of the hemispehere 
through the tentorial opening compresses the posterior cerebral artery, resulting in an inf- 
arct of the occipital lobe with consequent contralateral homonymous hemianopsia. 

Tonsillar herniation entails downward displacement of the cerebellar tonsils through the 
foramen magnum, with consequent compression of the brainstem and cervical spine. Patients 
may complain of neck stiffness or pain and tilt their head to one side to help reduce discomfort. 
If untreated, the patient may develop respiratory or cardiac abnormalities. 

Subfalcine herniation, also known as cingulate herniation, occurs when the medial part of 
the hemisphere is pushed beneath the edge of the falx cerebri. This action generally results in 
damage to or ischemia of the cingulate lobe and medial motor cortex and therefore manifests 
itself with contralateral lower-limb weakness and urinary incontinence. 

Headache occurs in approx 50% of patients with brain tumors ( 23 ). The headaches usually 
are not severe and are classically more noticeable in the morning, tend to improve later in the 
day, and worsen with coughing, straining, or another activity that may increase ICP. A uni- 
lateral headache indicates the side of the lesion approx 80% of the time. Headaches can occur 
in brain-tumor patients without an increase in ICP, and are subsequently thought to be a result 
of traction on pain-sensitive structures such as the meninges or blood vessels. Of course, 
headache is a nonspecific symptom occurring in most people as the result of many causes other 
than a brain tumor. As such, one should always consider other possible reasons why a patient 
may experience a headache. Furthermore, remember that the most distinguishing feature of 
a brain-tumor headache is its association with other neurological signs such as personality 
changes, motor deficits, or seizures. 

The incidence of seizures at presentation of a brain tumor varies with histological subtype, 
ranging from 90% in patients with low-grade gliomas to 35% of patients with GBM ( 24 ). 
Seizures may occur during the clinical course in approx 30% of patients with any sort of brain 
tumor, which is why many patients are prophylactically treated with anti-seizure medicine. 
However, randomized controlled studies have demonstrated that prophylactic anticonvulsants 
are unlikely to be useful in brain-tumor patients who have not had a seizure ( 25 ). Whether and 
what type of seizure a tumor will produce depend on the location and growth rate of the tumor. 
Seizures are more frequent when the tumor is cortical and slow growing ( 26 ). Several com- 
monly used anticonvulsants (e.g., Dilantin, Tegretol, and phenobarbital) induce hepatic 
enzymes and thus may lower the blood levels of a variety of medicines used as palliative or 
chemotherapeutic agents. This point must be considered when designing and evaluating the 
efficacy and toxicity of treatment regimens. As with headaches, other etiologies need to be 
considered in the evaluation of a patient with new-onset seizures; nevertheless, timely imag- 
ing should be performed to rule out a focal lesion like a tumor. 

Within the “focal” group of signs and symptoms are those neurological deficits caused by 
the anatomic location of the tumor. These focal findings are generally gradual in onset and 
progressive, in contrast with acute occurrences such as those seen with vascular events. A site- 
specific discussion of signs and symptoms follows, but a few general principles can be easily 
recalled: supratentorial tumors may produce motor or sensory deficits, visual field deficits, 
dysphasia, or a combination of these; cognitive or personality changes of considerable variety 
can be seen in patients with frontal lobe involvement, gliomatosis, or meningeal dissemina- 
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tion; and infratentorial tumors or posterior fossa tumors generally produce multiple cranial 
nerve deficits, cerebellar dysfunction, or long tract signs. 

Tumors within the frontal lobe often cause progressive cognitive decline, emotional liabil- 
ity, and contralateral grasp reflexes. If the left inferior frontal gyrus is involved, the patient 
may experience productive aphasia. Focal motor seizures or contralateral motor weakness 
may result from involvement of the precentral gyrus. Lastly, anosmia may result from pressure 
on the olfactory nerve. 

In the temporal lobes, left-sided involvement may lead to receptive aphasia whereas right- 
sided lesions may disturb the perception of musical notes or quality of speech. Uncal involve- 
ment may manifest itself with olfactory or gustatory seizures; these events may be 
accompanied by lip smacking or licking movements and impairment of consciousness, 
without actual loss of consciousness. For instance, a patient may experience an aura of 
dejajvu or jamais vu followed by or accompanied by odd smells or lip smacking. More 
generalized involvement may lead to emotional changes, behavioral difficulties, and audi- 
tory hallucinations. Lastly, involvement of the temporal optic radiations may result in crossed 
upper quadrantonopsia. 

Tumors of the parietal region may cause contralateral dysfunction of sensation or sensory 
seizures. Sensory loss manifests itself with postural instability and impaired appreciation of 
size, shape, or texture. Involvement of the optic radiations passing through this region can 
cause contralateral lower quadrantonopsia. If the left supramarginal gyrus is affected, the 
patient may experience ideational apraxia. Tumor infiltration into the left angular gyrus can 
result in alexia, agraphia, right-left confusion, and finger agnosia, or a combination thereof. 
Nondominant (usually right-sided) involvement often manifests itself with anoagnosia (neglect 
or denial of an affected limb) or constructional apraxia. 

Tumors of the occipital lobe generally produce crossed homonymous hemianopsia or 
visual hallucinations. Involvement of the left occipital lobe can result in visual agnosia for 
objects and/or colors. Bilateral damage results in cortical blindness. Several other visual 
syndromes can occur from occipital lobe defects including Balint’s syndrome (a triad of 
optic ataxia, an inability to move the hand to an object by using vision; ocular apraxia, an 
inability to voluntarily control the gaze; and simultanagnosia,an inability to recognize more 
than one object shown at the same time) — and Anton’s syndrome (a form of cortical blind- 
ness in which the patient denies the visual impairment). 

In the case of cerebellar lesions, if the vermis is affected, the patient will experience truncal 
ataxia. If the hemispheres are affected the patient will experience appendicular ataxia (inco- 
ordination of the limbs usually accompanied by hypotonia). Vertical nystagmus can also be 
observed with cerebellar involvement. 

Tumors affecting the brainstem generally manifest themselves with cranial nerve palsies, 
nystagmus, and long tract signs (pyramidal or sensory). Tumors affecting the pituitary-hypo- 
thalamic axis may produce signs and symptoms of excess or deficiency of pituitary hormones 
in any combination. 

Ependymomas, followed by astrocytomas, are the most frequent gliomas of the spinal cord 
in adult patients. Primary spinal tumors cause signs and symptoms that generally arise from 
nerve-root compression before parenchymal destruction. As such, patients generally present 
with radicular pain; conversely, patients can present with deficits resulting from central 
syringomyelia, which leads to destruction of lower motor neurons and results in segmental 
muscle weakness and diminished reflexes. The onset of symptoms may be gradual or acute 
and is generally asymmetric in nature. Of course, the exact set of symptoms depends on which 
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cord level is affected. In general, cervical lesions affect the arms, shoulders, and neck regions. 
Thoracic lesions affect the abdominal muscles and region. Lumbosacral lesions may affect the 
lower extremities, pelvic region, and bladder. Cauda equina lesions also affect the lower 
extremities, bladder, and bowel. 

RADIOLOGICAL ASSESSMENT 

When a brain tumor is suspected, the initial step in evaluation is brain imaging with com- 
puter tomography (CT) or magnetic resonance imaging (MRI), with gadolinium administra- 
tion ( see Chapters 5 and 6 for details). These studies will assist in determining the location and 
size of the lesion in addition to the extent of mass effect and degree of cerebral edema. MRI 
is generally the preferred study, as it is superior to CT in a number of ways: (1) MRI resolution 
and sensitivity are higher, (2) there is less chance of artifact in the posterior fossa or pituitary 
fossa, and (3) MRI provides a more accurate three-dimensional reconstruction of the tumor, 
which can better guide surgical resection or biopsy. CT does remain superior for demonstrat- 
ing acute hemorrhage. 

PROGNOSTIC FACTORS AND CLINICAL OUTCOME 

The overall survival for patients with malignant glioma has not improved much over the 
past 30 yr. From 1975 to 1995, patients younger than 65 with primary malignant brain cancer 
made moderate improvements in survival, but older patients made no such advances (5). 
Glioblastoma remains the histological subtype with the poorest survival, with a mean survival 
of less than 1 yr and less than 3% of patients with glioblastoma multiformesurviving 5 yr after 
diagnosis (27). The mean survival for AA is only slightly better, at 2 to 5 yr (28). Increased 
mitotic activity and or increased MIB-1 labeling (staining for cell division) correlate with 
reduced survival in glioblastoma multiforme patients and across histologic subtypes of HGG 
(29,30). 

Among HGG, correct histological identification can be complicated because of the high 
degree of variability in tissue appearance and collection. The process is also prone to a degree 
of subjectivity with a fair degree of inter-observer variability. Such challenges may lead to 
errors in identification and subsequentl errors in prognostic estimation. In an attempt to help 
remedy this situation, gene-expression based classification is gaining favor and may greatly 
assist in appropriately estimating prognosis and guiding clinically relevant treatment. In fact, 
a recent study demonstrated that gene-expression profiling, when coupled with class predic- 
tion methodology, classified diagnostically challenging malignant glioma in a manner that 
better correlated with clinical outcome as compared with histopathologic identification (31). 
Nevertheless, further studies and reproducible results are needed before this technique is 
widely utilized, especially considering the increasing evidence that a sequential accumulation 
of independent genetic alterations is essential for tumor development. 

There is also limited but increasing data on the prognostic value of molecular markers. 
Studies among patients with AO demonstrate that certain chromosomal abnormalities do 
correlate with survival; specifically, studies have shown that loss of chromosome arms lp and 
19q is associated with chemosensitivity and improved overall survival (32). Similarly, patients 
with glioblastoma multiforme (without features of an oligodendroglioma) with a lp and 19q 
deletion also have a significantly longer survival than patients with glioblastoma multiforme 
that do not have these deletions (33) . In patients with AA, Smith et al. demonstrated that loss 
of the pTEN tumor suppressor gene is associated with poor survival (34). Additionally, epi- 
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Score Function 

100 Normal, no evidence of disease 

90 Able to perform normal activity with only minor symptoms 
80 Normal activity with effort, some symptoms 

70 Able to care for self but unable to do normal activities 

60 Requires occasional assistance, cares for most needs 
50 Requires considerable assistance 

40 Disabled, requires special assistance 

30 Severely disabled 

20 Very ill, requires active supportive treatment 

10 Moribund 


dermal growth factor receptor (EGFR and p53 expression have been studied in glioblastoma 
multiformepatients with the finding that EGFR overexpression (particularly when combined 
with normal p53 expression) may correlate with poorer survival in patients aged less than 55 
( 35 ). Overexpression of MDM2, ap53 inhibitor, has also been found to significantly correlate 
with short-term survival in glioblastoma multiformepatients. Deletions or mutations in the 
p 14ARF gene, responsible for activation of p53 , have been discovered in 70% of glioblastoma 
multiforme, but the prognostic value is still under scrutiny ( 36 ). As glioma appears to be a 
polygenic disease, further study is ongoing into the prognostic value of molecular signatures 
to understand how they may guide effective therapy. 

Many other factors other than histology have been investigated for their association with 
survival in malignant glioma patients. Age continues to be strong a prognostic indicator, 
although the age range associated with more-favorable outcome varies between studies ( 37 ). 
In general, an age less than 45 yr is associated with increased survival ( 5 ). Stratifying patients 
into risk groups based on age is likely to lead to better prognostic information. For example, 
a recent retrospective study employing recursive partitioning of 832 glioblastoma patients 
who were enrolled into prospective clinical trials at the time of initial diagnosis established 
3 risk groups based on age: <40, 40 to 65, and >65 ( 38 ). Based on the commonly accepted 
belief that functional status also predicts longer survival ( 39 ), this study maintained that the 
40 to 65 age group be subdivided by Karnofsky Performance Score (KPS) into >80 or <80, 
with the <80 group behaving similarly to the age >65 group. KPS is summarized in Table 2. 
Mental status has also been shown to be a prognostic factor. In fact, a recent publication reports 
that baseline mini-mental status score correlates more strongly with time to progression and 
survival than performance status ( 40 ). 

Tumor location, size, and extent of resection are variables that have also been studied 
in relation to predicting survival. Multivariate analyses have not shown tumor location or 
size to be significant prognostic factors ( 40 ). The benefit of extent of resection continues to 
be unresolved, though most of the neuro-oncology literature testifies to the benefit of exten- 
sive resection especially when compared with biopsy alone ( 41 ). It must be noted, though, that 
these studies are retrospective in nature and subject to selection bias. They state that patients 
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with surgically resectable tumors have a better survival rate than those with nonrersectable 
tumors; this is not the same as stating that prognosis is improved by extensive resection. 
Nonetheless , in the absence of randomized clinical trials and prospectively collected data, this 
question will remain unanswered. 

Of special note is that the poor survival associated with malignant glioma has important 
implications for designing and conducting clinical trials aimed at determining etiology or 
treatment. For example, incidence based studies must often rely on information from family 
members or caretakers because of difficulties in identifying and interviewing patients before 
a rapid death; obviously, such indirect information gathering can lead to erroneous informa- 
tion. Additionally, patients in phase II and III trials of experimental treatments need to be 
compared with appropriate historical control groups that take into account prognostic markers 
and afford for stratification into similar groups. 

THE FUTURE 

An understanding of the epidemiologic, molecular, and genetic events regulating FIGG is 
growing. Standard histopathology and epidemiologystudies to date have helped us group 
patients into risk groups, which aide physicians in determining prognosis and treatment. 
Nonetheless, treatment results for most patients are still unsatisfactory, likely because of the 
genetic and epidemiological heterogeneity amongs brain tumors. We need a better under- 
standing of how epidemiological and genetic mechanisms influence the development of brain 
tumors and the clinical course of patients with HGG. Continued advances in the use of genetic 
or molecular markers in conjunction with standard histopathological identification can lead 
to a more accurate tumor classification system that will allow improved assessment of prog- 
nosis and more standardized future studies and resulting data. Moreover, we are hopeful that 
with an improved genetic and epidemiological understanding of brain tumors we may be able 
to prevent them or create better treatment strategies. 
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Summary 

MRI is undoubtedly at the forefront of brain tumor imaging. It is the imaging study of choice, 
not only for diagnosis but also as a preferred modality for characterization and treatment planning of 
brain tumors. CT is superior in detecting calcification, hemorrhage, and in evaluating bone changes 
related to tumors. Patients with pacemakers or metallic devices, as well as critically ill or unstable 
patients, represent some of the specific areas in which CT is the diagnostic modality of choice. The 
arrival of multichannel, spiral CT has rejuvenated its role because of the high speed scanning which 
facilitates sophisticated multiplanar three-dimensional (3D) imaging as well as dynamic imaging (i.e., 
CT-perfusion [CTP] and CT angiography [CTA]). These advanced techniques are extremely useful in 
preoperative localization, intraoperative navigation, and radiation therapy targeting. 

Key Words: Computed tomography; spiral CT; MDCT. 

INTRODUCTION 

MRI is undoubtedly at the forefront of brain tumor imaging. It is the imaging study of choice, 
not only for diagnosis but also as a preferred modality for characterization and treatment 
planning of brain tumors. Although computed tomography (CT) appears somewhat antique in 
the context of diagnosing central nervous system (CNS) neoplasms, it continues to play a 
significant role in patient management. CT is superior in detecting calcification, hemorrhage, 
and in evaluating bone changes related to tumors. Patients with pacemakers or metallic devices, 
as well as critically ill or unstable patients, represent some of the specific areas in which CT 
is the diagnostic modality of choice. As a result of its speed and accessibility, CT is used in 
immediate postoperative evaluation. The arrival of multichannel, spiral CT has rejuvenated its 
role because of the high speed scanning which facilitates sophisticated multiplanar three- 
dimensional (3D) imaging as well as dynamic imaging (i.e., CT-perfusion [CTP] and CT 
angiography [CTA]). These advanced techniques are extremely useful in preoperative local- 
ization, intraoperative navigation, and radiation therapy targeting. 

STATE OF THE ART: CT IMAGING OF BRAIN TUMORS 

Multidetector CT 

Multislice or multidetector CT (MDCT) (1,2) denotes the ability of a scanner to acquire 
more than one slice simultaneously. To be capable of doing so, the detector system must be 
composed of more than a single row of detectors. The MDCT era started in 1992 with a dual 
slice scanner. State of the art scanners currently have 16 rows of detectors, but 32, 40, and 
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Fig. 1 . Multiplanar reformation (MPR). Simultaneous orthogonal display in (A) axial, (B) coronal, and 
(C) sagittal planes. Typical necrotic GBM ( arrows ) with thick nodular rim enhancement is better local- 
ized on this 3D display, involving the middle and superior frontal gyri. 


64-slice systems will soon be used in clinical practice. In addition to the number of detectors, 
the rotational speed has increased from 1.0 to about 0.375 s/rotation. The advantages of 
MDCT can be summarized by the acronym RSVP: Resolution-improved spatial resolution 
along the z-axis (“acquisition of thin slices”), Speed-reduced time for scanning a given portion of 
the body, Volume-increased length of the body that can be traversed for a given set of scan 
parameters, and Power-efficient usage of X-ray tube power. 

Multiplanar Reformation and 3D Reconstruction 

MDCT can acquire isotropic data sets which enables anatomic evaluation in an infinite 
number of planes and projections while maintaining image resolution and quality ( 3 ). Multi- 
planar reformation (MPR) means simultaneous display of orthogonal or oblique sagittal, 
axial, and coronal reconstructions (Fig. 1 ). It is extremely useful in localizing a lesion, particu- 
larly if there is more than one lesion. Maximum intensity projection (MIP) is another post 
processing technique in which single layer of brightest voxels along a line (or projection) at 
a specified angle (orthogonal or oblique) is displayed. A major drawback is that it lacks depth 
information (i.e., displays only the density of objects and not spatial information). This tech- 
nique suits post-contrast studies as the post-processed images display highlights the contrast 
enhanced structures with partial suppression of the background (e.g., vessels.) Shaded surface 
display (SSD), combines depth information as well as tissue density based on preset thresh- 
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olds; the first layer of voxels within defined density thresholds is used for display, leading to 
the visualization of the surface of all structures that fulfill the threshold conditions. Depth 
information is preserved but the attenuation information is scaled proportionately. Volume 
rendering (VR) utilizes all the information in the volume data set, groups of voxels are selected 
within a series defined threshold densities, each color coded with appropriate depth shading/ 
opacity. This is considered one of the best 3D techniques, particularly for intraoperative 
navigation. 
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CT Angiography and Perfusion 

Intracranial CTA is performed via rapid data acquisition cued to the arrival of an arterial 
bolus of contrast administered via intravenous power injection. High-resolution axial images 
are then acquired longitudinally (i.e., in the direction of flow), and then evaluated using MIP 
or volume rendered post processing with thresholds set for contrast enhanced vessels. 

CTP is another dynamic imaging technique, also performed after bolus contrast admin- 
istration, in which a pixel-by-pixel time-density curve is created by rapid data acquisition 
over a stationary area of interest ( 4 ). Considering the linear relationship between the density 
changes and contrast agent concentration, as well as the lack of confounding sensitivity to 
flow artifacts, CT-based quantifications potentially offer a more accurate representation of 
the tissue microvasculature than similar magnetic resonance (MR) perfusion (MRP) imag- 
ing studies. However, there is limited data currently available regarding CT perfusion 
imaging in brain tumor imaging. Compared with MRP, the major limitation of CTP is that 
a limited volume of brain can be scanned. However, new techniques are being developed 
to overcome this limitation (e.g., table toggle technique) ( 5 ). CTP has the potential to play 
a significant role in brain tumor imaging; the rationale is as follows: Vajkoczy and Menger 
described endothelial proliferation as acommon feature of glioma vasculature ( 6 ). Endothe- 
lial proliferation is an important histologic feature in determining glioma grade, with the 
other features being nuclear atypia, mitoses, and necrosis. The diameter of normal cerebral 
capillaries has a limited range of 3 to 5 pm, whereas gliomas contain tortuous, hyperplastic 
vessels 3 to 40 pm in diameter. It is therefore not surprising that regional cerebral blood 
volume (rCBV) measurements are reliably correlated with tumor grade and histologic find- 
ings of increased tumor vascularity. Malignant tumors, whether primary tumors or metas- 
tases, are commonly characterized by neovascularity and increased angiogenic activity ( 7 ). 
The neovasculature has also increased permeability because of the local alteration in blood- 
brain barrier (BBB) ( 8 ). 

Cerebral blood flow (CBF) is the flow (mL/min/100 g) through a given vascular network 
in the brain. CBV is the volume of blood (mL/100 g) within the vessels. Mean transit time 
(MTT) is the mean transit time of all blood elements entering at the arterial input and leaving 
at the venous output of the vascular network. Time to peak (TTP) is the time to peak enhance- 
ment. In addition to these parameters which are related to flow dynamics, microvascular 
permeability is also assessed in perfusion imaging by measuring permeability surface (PS) 
area product ( 9 ). 

With multislice CT, a 2- to 3-cm-thick section can be examined. The region (slice) of 
interest has to be selected for perfusion imaging (e.g., a portion of the brain tumor, surgical 
cavity or post radiation field). A 50-cc bolus of contrast material is injected at a high rate 
(usually 8 mL/s) using a power injector and large bore (18 gage) intravenous line; tissue 
attenuation is monitored as the contrast first reaches and then perfuses the brain with 
one image/s acquired during wash-in and wash-out. Semiautomatic post-processing is used 
to create scaled, color maps of TTP or MTT, CBF, and CBV in less than 1 min ( 10 ). Two 
mathematical approaches are used to calculate these parameters ( 11 ): (l)the maximum slope 
model requires a rapid, tight bolus to calculate the slope of time attenuation curve which is 
used to approximate CBF and (2) the deconvolution analysis model calculates regional MTT 
by deconvolving the time-attenuation curve ( 12 ). The latter method requires an arterial input 
function to deconvolve the curve ( 13 - 15 ) and theoretically provides absolute values for CBF 
and CBV. Nevertheless, there are variables (e.g., choice of input function, recirculation cor- 
rection) which may limit the accuracy of these values ( 16 ). 
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CB V and PS are the most meaningful parameters in evaluation of any type of tumors. CBF, 
TTP, and MTT are more of value in vascular-occlusive diseases. The major application for 
microvascular assessment using dynamic contrast-enhanced CT is differentiation of the most 
malignant region of tumor before conducting stereotactic biopsy. This may be particularly 
valuable in previously treated lesions in an effort to differentiate radiation necrosis, post- 
surgical scar tissue, andrecurrenttumor. Additionally, tumor can be graded based on its blood 
volume and permeability. There is limited available data on CTP in brain tumor imaging. Data 
from MRP studies of brain tumors can be used as a means of extrapolating meaningful con- 
clusions as well as predicting the role of CTP in future. Increased CBV and PS (or other 
parameters of permeability such as k-trans) are reliable indicators of high-grade brain tumors 
( 17 ). However, differentiation between high-grade and low-grade tumors needs a threshold 
or cut-off value ( 18 ), therefore interpretation becomes difficult in borderline cases. Lam et al. 
( 19 ) showed a maximum CBV value of 2.95 ± 2. 127 ml L lOO g for low-grade tumors compared 
with 9.48 ± 4.520 mL/100 g in high-grade tumors. In human gliomas, estimates of permeabil- 
ity have been shown to be predictive of the pathologic grade and correlate with the mitotic 
activity of a tumor ( 20 ). Additional studies suggest rCB V is a more accurate predictor of tumor 
grade than permeability co-efficient in three-tiered glioma classification system ( 21 , 22 ). 

Differentiating radiation necrosis from the recurrent brain tumor can be very challenging. 
Sugahara et al. ( 23 ) showed the utility of MRP imaging. In their study, enhancing lesions 
with a normalized rCBV ratio >2.6 or <0.6 suggested tumor recurrence or non-neoplastic 
contrast-enhancing tissue, respectively. CTP holds enormous potential for this purpose (Fig. 2, 
A-C). 


Preoperative Planning and Intraoperative Navigation 

State of the art, neuronavigation procedures involve the use of high resolution CT or MRI 
data acquisition with fiducial markers or stereotactic frames data transfer, presurgical viewing 
and planning, and intraoperative registration and navigation ( 24 ). The three main objectives 
of resection are: (1) accurate localization, (2) complete or controlled removal and, (3) sparing 
of normal brain function. Surgical navigation allows real-time localization in the operative 
field of corresponding CT or MRI images utilizing mechanical, sonic, or infrared surgical 
pointing devices once data sets have been registered utilizing the fiducial markers and the 
Cartesian volume of the image data set. There are three different measures of accuracy in 
surgical navigation systems ( 25 ): (1) mechanical accuracy (i.e., how well the system knows 
its own position in space), (2) registration accuracy (i.e., alignment of the cursor, representing 
the tip of the pointer, anatomically and accurately positioned in the image) and, (3) application 
accuracy indicates how reliably the pointer tip in physical space corresponds to its anatomical 
position of the cursor in the CT or MR image. Frame based stereotactic systems possess the 
best mechanical and registration accuracy and are capable of localizing very small tumors. 
However, a major drawback is the limited physical access and approach afforded by the frame 
at the time of surgery. Frameless navigation is much more flexible with no restrictions on 
microsurgical techniques ( 25 ). 

The main problem of the navigation system based on preoperative scanning is the inability 
to predict intraoperative spatial distortion produced by mass effect and brain shift following 
craniotomy and durotomy. One solution to this problem is to perform intraoperative imaging 
using intraoperative MRI or CT. Intraoperative CT consists of a mobile gantry and matched 
operating table that can be directly docked to the gantry. Anesthesia and surgery are performed 
on the same table ( 26 ). There has been improved efficiency and better work flow in both 
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CBV maps 



Fig. 2. Recurrent HGG detected on CT perfusion. (A, arrow) Noncontrast CT images show: a focal surgical 
defect in the right temporal lobe. (B, arrow) Note nonfocal and nonspecific surrounding region of low 
attenuation coefficient in the right temporal and occipital lobes. (C) Recurrent HGG detected on CT perfu- 
sion. Multiple CBV map images demonstrate asymmetric focal region of increased blood volume ( arrows ) 
(based on qualitative assessment). Biopsy of this region showed recurrent HGG. 


microsurgery and endoscopic surgery as a result of the introduction of intraoperative CT with 
fewer repeat surgeries ( 25 , 26 ). 

GENERAL CT CHARACTERISTICS OF GLIOMAS 

CT imaging features of high grade gliomas are nonspecific. There is an overlap of imaging 
features between low- and high-grade gliomas (HGG). 
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Fig. 3. (A) Infratentorial GBM. Noncontrast CTshowing subtle heterogenous density with mass effect 
(effacement of left perimesencephalic cistern) ( short arrow) in the left cerebellar hemisphere. (B) Axial T2 
and (C) post-contrast T1 MR images demonstrate large area of signal abnormality with minimal focal 
enhancement (arrows). (Parts B and C are on page 81.) 


Location 

HGG can occur anywhere in the brain (Fig. 3), but are most commonly lobar in the suprat- 
entorial compartment (27). Multicentric tumors (Figs. 4 and 5) are those with neither macro- 
scopic nor microscopic connection whereas those with such a continuity are termed multifocal 
( 28,29). The multifocal subtype tends to disseminate more frequently through leptomeningeal 
space (30,31). 


Attenuation Coefficient (“Density”) 

HGG have variable densities on CT (Fig. 6), usually isodense to moderately hyperdense to 
gray matter (the isocenter of the mass may appear denser because of the surrounding vasogenic 
edema). A small or atypically hypodense mass may not be visible on nonenhanced CT study, 
masked by the presence of the surrounding, low-density, vasogenic edema (Fig. 7). Such cases 
can be occasionally mistaken for subacute infarcts unless contrast is administered. X-ray 
attenuation coefficient has no significant relationship to grading of gliomas. 
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Fig. 4. (A,B) Ulticentric GBM. Enhanced CTdemonstrates focal hyperdense superficial masses ( arrows ) in 
the (A) right temporal lobes and (B) left mesial frontal, the former appears necrotic. There is minimal 
enhancement compared to pre contrast images(not shown).This appearance is difficult to distinguish from 
intracranial lymphoma except that lymphoma typically shows intense homogenous enhancement. 
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Fig. 5. Multicentric AA. (A,B) Noncontrast CT imagesshowing focal hyperdense masses ( arrows ) in 
the right cerebral peduncle, left mesial temporal lobe, and left thalamus. Note post-operative changes in B. 
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Fig. 5. (continued from page 83) (C,D) Focal enhancing masses ( arrows ) demonstrated on corresponding 
post contrast axial T1 weighted MR images. 
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Fig. 6. Focal superficial GBM, two different patients. (A) Noncontrast CT image shows a mixed density 
right fronto-temporal mass (arrow) with mild surrounding vasogenic edema. (B) Example of extensive 
hyperdense cortical and subcortical mass in the right frontotemporal operculum with mass effect and 
midline shift. Note lack of significant vasogenic edema in B, an unusual finding in GBM. 
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Fig. 7. (A) GBM Mmasked by vasogenic edema. Large area of vasogenic edema in the left cerebral 
hemisphere including the basal ganglia (arrows), demonstrated on this noncontrast CT image. No focal 
mass evident. (B) Post-contrast T1 MR image shows enhancing necrotic mass (arrow). 
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Hemorrhage 

Hemorrhage, depicted as an area of high attenuation coefficient, is more commonly seen 
in advanced grade gliomas (World Health Organization [WHO] grade III-IV), particularly 
glioblastoma, but it is not a pathognomonic feature; 12% of symptomatic hematomas can be 
caused by low-grade gliomas) ( 32 ). Thus, it is important to remember that any atypical cere- 
bral hematomas (e.g., hematoma with disproportionate edema) will need follow up to rule-out 
underlying tumor. Relationship of hemorrhage to the grade of a tumor can be explained by the 
endothelial proliferation, a common histologic feature of HGG. 

Calcifications 

Low-grade gliomas are more likely to be calcified (Fig. 8). Nevertheless, a small percentage 
of HGG also shows calcifications ( 33 ). One of the hypothesis regarding calcified HGG is their 
transformation from low-grade to high-grade, the former responsible for the presence of cal- 
cification; it is thus regarded as a positive prognostic factor in HGG and may be suggestive 
of an oligodendroglial origin ( 33 ). 

Vasogenic Edema 

Vasogenic edema is an indirect indicator of the aggressive growth of a brain tumor, mainly 
responsible for the secondary mass effect. Focal region of vasogenic edema may be the only 
finding on unenhanced CT in cases of HGG or intracranial metastases. White matter edema 
produced by HGG, particularly GBM, can be quite extensive (Fig. 7) and actually represents 
a tumor plus edema ( 34 ). 

Contrast Enhancement 

Contrast enhancement on CT imaging has a high sensitivity and specificity for HGG (about 
87 and 79%, respectively) (3d). About 20% of low-grade gliomas will also show enhancement 
( 33 ). Likewise, a substantial number of nonenhancing brain tumors can turn out to be HGG, 
particularly anaplastic astrocytomas (AA) ( 35 ) (Fig. 9). Overall, enhancement on CT imaging 
is a negative prognostic factor, irrespective of the glioma grade ( 33 ). Furthermore, Yamada 
et al. ( 36 ) showed contrast enhanced area (CEA) of >4 cm and heterogenous enhancement as 
negative prognostic factors while CEA <4cm and homogenous enhancement indicated better 
prognosis. 

HISTOLOGY SPECIFIC CT CHARACTERISTICS 

Gliomas can be simply divided into astrocytomas, oligodendrogliomas, ependymomas, 
and mixed gliomas. Astrocytic tumors can be further divided into two macroscopic categories: 
indolent, circumscribed (grade I), or diffuse/ malignant (grades II-IV). Histologic grading of 
each of subtype of glioma is critical for assessing prognosis and planning therapy. This 
grading system, which is now well recognized ( 37 ), relies upon recognition of four param- 
eters: nuclear atypia, mitoses, endothelial proliferation, and necrosis. The presence of two or 
more of the above described features places the tumor in the high grade category ( 38 ). CT- 
imaging based differentiation of various histologic sub-types of gliomas is limited. For the 
sake of completion, we discuss below the CT imaging features of different histologic cell types 
with an emphasis on imaging-pathologic correlation. 

Anaplastic Astrocytoma 

Anaplastic astrocytomas (AA) are infiltrating tumors with biologic behavior and average 
age of diagnosis intermediate between simple astrocytomas (grade I and II) and GBM (grade 
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Fig. 8. Calcified glioma. (A) Unenhanced CT demonstrates focal coarse calcification ( long arrow) in 
the right thalamus with out significant vasogenic edema. Biopsy compatible with low-grade oligoden- 
droglioma. Note shunt catheter tip (short arrow) . (B) Axial T2 weighted MR image shows correspond- 
ing area of susceptibility related to calcification (arrow). 
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Fig. 9. AOA. (A) Pre- and (B) post-contrast CT. Right frontal lobe low density mass ( long arrows ) with 
cortical and subcortical involvement mimicking an acute or subacute infarct. There is no significant 
enhancement. Note contralateral extension into mesial frontal lobe ( short arrows). 
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Fig. 9. (Continued from page 89.) Follow up post contrast axial T1 MR image showing rim enhancing 
necrotic mass ( long arrows ) along with leptomeningeal recurrence ( short arrow). 


IV). AA represent about one-quarter of all gliomas (39). Although they can originate as 
primary tumors, significant numbers of AA are thought to have transformed from benign 
tumors, particularly the diffuse infiltrative astrocytomas (grade I and II) (40). They can 
potentially progress to GBM. The gemistocytic astrocytomas — having increased eosino- 
philic cytoplasm — have an increased tendency for malignant transformation and, although 
generally low-grade gliomas, may show enough malignant features to be diagnosed as AA 
(40). 

Because of their infiltrative growth, AA may have indistinct margins which are often 
reflected as ill-defined, inhomogenous lesions on CT. Because of its high cellularity, the 
attenuation usually ranges from intermediate to high in relation to the normal brain (Fig. 5). 
Alternatively, as cystic change or necrosis and hemorrhage are uncommon, AA are generally 
more homogenous compared with GBM. Calcification is rarely seen unless there has been 
transformation from a lower grade glioma. Post-contrast CT studies usually show limited to 
moderate patchy/heterogenous enhancement ( 35,44). AAmay show leptomeningeal dissemi- 
nation (including the ependymal surface) (41). Differentiation from GBM is generally very 
difficult, particularly on CT (Fig. 10). Marked vasogenic edema, mass effect, hemorrhage and 
necrosis favor GBM. 
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Fig. 10 . Focal AA, GBM -like features. Contrast enhanced CT image showing left frontal 
lobe complex mass with large portion of enhancement. Note small areas of cystic degeneration 
{large arrow), the mass is also abutting the coipus callosum ( short arrow). 


Glioblastoma Multiforme 

GBM is the most common primary intracranial tumor and constitutes more than half of all 
glial tumors (42 ). GBM correspond to WFIO grade IV with the most aggressive behavior and 
poor differentiation. Like AA, some are also hypothesized to transform from lower grade 
gliomas, whereas others may arise de novo. 

The cerebral hemispheres are the most common location; typically in the centrum semi- 
ovale with a tendency to cross midline along the white matter tracts in the “butterfly” pattern 
(Fig. 1 1). They can involve basal ganglia, and are rarely found in the posterior fossa (Fig. 3). 
Primary intraventricular glioblastomas have been rarely reported. The majority of GBM are 
solitary lesions; multifocal or multicentric GBM occur in about 3% of cases (28) (Fig. 4). 

The typical appearance of GBM on nonenhanced CT is a mixed density complex mass with 
disproportionate surrounding vasogenic edema, usually involves corpus callosum (Fig. 11). 
The marked heterogeneity on either CT or MRI corresponds to the pathologic hallmark find- 
ings of necrosis and hemorrhage as well as marked cellular pleomorphism, which at times 
makes the determination of histologic origin of some GBM very difficult. Central necrosis is 
an imaging hallmark of GBM (Fig. 1). Hemorrhage, seen in about 20% of GBM , can be easily 
identified on CT (43). Vasogenic edema is a prominent imaging feature of GBM and com- 
monly extends along the white matter tracts. One of the common management related ques- 
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Fig. 11. GBM of corpus callosum. (A) Pre- and (B) post-contrast CT images showing diffuse vasogenic 
edema with complex enhancing mass ( short arrows) originating in the splenium of corpus callosum. Some- 
what semi-butterfly appearance of the vasogenic edema with asymmetry towards the right side ( long arrows ). 
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tions concerns the delineation of tumor vs edema. This is often not accurately answered in 
cases of GBM (even by MRI) as the extensive vasogenic edema seen on imaging in such cases 
may actually represent a combination of an infiltrating tumor and an accompanying edema. 
Perfusion imaging has shown some utility to delineate the extent of the tumor and identify the 
most suspicious area for biopsy ( 23 , 44 ). 

GBM typically shows heterogenous rim enhancement with irregular thick and nodular 
margins (Fig. 1) corresponding to the prominent endothelial proliferation seen on pathology, 
with a poor BBB and more aggregate around the necrotic center. The enhancing tumor around 
the necrotic center also probably explains the “pseudopalisading” pattern of neoplastic cell 
aggregation around necrosis, as previously described in ( 27 ). These large areas of necrosis 
reflect aggressive tumor growth that subsequently outstrips vascular supply; they are associ- 
ated with poor prognosis ( 45 ). As a result of the infiltrative nature of AA, GBM, and other 
FIGG, histologic margins of the tumor are poorly delineated on post contrast CT. 

The most common dissemination route is direct extension along white matter tracts, includ- 
ing spread across the commissures. Other routes include subependymal (portends poor prog- 
nosis) and neuroaxial spread via the CSF. As a result of the beam-hardening artifact created 
by the skull in CT (particularly at the basal cisterns), MRI is the diagnostic study of choice for 
evaluating dissemination. 

Anaplastic Oligodendroglioma /Oligoastrocytoma 

The term anaplastic oligodendroglioma (AO) (WHO grade III) is used when there are focal 
or diffuse histologic features of malignancy. Typically these tumors involve cortex and sub- 
cortical white matter. About one-half of oligodendrogliomas are anaplastic ( 46 ). Mixed tumors, 
such as anaplastic oligoastrocytoma (AOA) (Fig. 9), have a relatively poor prognosis ( 47 ). 

AO are indistinguishable from oligodendroglioma (WHO II) on CT or MRI. On a CT, a 
typical finding is a well defined mixed density superficial frontal lobe mass with calcifications, 
which may be nodular, clumped, or even gyriform ( 48 , 49 ) (Fig. 8). The involved cortex is 
expanded, cystic degeneration is common, and hemorrhage or necrosis may also be seen ( 50 ). 
The lesions may expand, remodel, or erode the calvarium. About 50% of all oligodendroglio- 
mas show enhancement, usually heterogenous. AO are more likely to enhance than low-grade 
oligodendrogliomas ( 50 ) (Fig. 9C). A new focus of enhancement is suggestive of malignant 
transformation ( 51 ). 


Gliomatosis Cerebri 

Gliomatosis cerebri represents diffuse, cortical glial cell proliferation with preservation of 
brain cytoarchitecture so that a focal mass is not grossly appreciable ( 52 , 53 ). Generally, 
gliomatosis cerebri is restricted to cases with contigous involvement of at least two lobes; less 
commonly with extension into deep nuclear structures, brainstem, and cerebellum ( 54 ). Pri- 
mary leptomeningeal gliomatosis is considered a sub-type of gliomatosis cerebri ( 55 , 56 ). The 
term gliomatosis though sounds like a sub-type of glioma, but its cell of origin is controversial 
and considered unknown ( 55 ). Regardless, gliomatosis cerebri is still considered a HGG 
(WHO grade III) because of its grim prognosis, although the histological features more closely 
mimic low grade lesions ( 57 , 58 ). 

Diagnosis of gliomatosis cerebri may be difficult on CT imaging in the absence of a focal 
mass lesion with no appreciable abnormality in some cases. The reason for subtely of findings 
on CT and sometimes MRI is probably related to the infiltrative nondestructive nature of the 
gliomatosis cerebri as it infiltrates along the vessels and white matter tracts. On a CT there are 
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Fig. 12. Gliomatosis cerebri. (A,B) Noncontrast CT, (C) axial FLAIR, and (D) post contrast T1 MR 
images. (A, arrows) There is subtle loss of gray- white matter differentiation and (continued on next page) 
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(B, arrows) bilateral thalamic diffuse lucency resulting in loss of interface between posterior limbs of inter- 
nal capsules and lateral thalami. Corresponding (more obvious) increased signal evident on MRI (arrows). 
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Fig. 13. GS as a recurrent high grade glioma. Fifty-four-year-old female with about 6 mo history of gross 
total resection of left temporal lobe GBM followed by adjuvant radiotherapy. Post-contrast CT image shows 
a recurrent rim enhancing necrotic left temporal lobe mass at the site of previous mass. Imaging features are 
similar to a GBM. Note fiducial markers ( arrows ) for stereotactic localization. 


usually diffuse, ill defined, iso- to hypodense multifocal regions with subtle cortical thicken- 
ing, sulcal effacement, and loss of gray-white matter demarcation (as both gray and white 
matter are involved) (Fig. 12 A,B). Deep gray matter structures can be involved (Fig. 12 B,C). 
Contrast enhancement is uncommon, but if present is usually very subtle unless the process 
is quite advanced ( 59 ). The enhancement pattern is either linear or patchy ( 60 ) (Fig. 12D). 

The extent of disease is evaluated much better on MRI (particularly T2-weighted and 
FLAIR MR images) than on CT scans ( 60 ). 

Gliosarcoma 

Gliosarcomas (GS) actually represent a subtype of GBM in which a sarcomatous component 
is present. GS are typically present along the periphery, abutting the dura ( 61 ). Like glioblas- 
toma, they correspond to WHO grade IV. Extracranial metastases are more commonly seen 
than GBM ( 61 ). GS may appear in previously irradiated regions of the brain ( 62 , 63 ) (Fig. 13). 

On CT, GS tends to present as a sharply defined, round or lobulated, hyperdense solid mass 
with relatively homogeneous contrast enhancement and peri-tumoral edema. They have a 
tendency to invade adjacent dural reflections ( 64 , 65 ). The hyperdensity is attributed to sarco- 
matous component as it is highly vascular and cellular. The lesions are often well demarcated 
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from surrounding tissue, leading to complete removal and prolonged survival despite high 
malignancy ( 66 ). Nevertheless, aggressive tumor regrowth occurs often after incomplete 
resection with prognosis almost similar to GBM ( 61 , 67 , 68 ). Typically, the hyperdense mass 
abutting the dura mimics a meningioma; both in imaging and surgery. However, compared 
with meningioma, they are more heterogenous, have a smaller dural based attachment, and 
there is usually a significant amount of parenchymal edema. Some cases of GS have imaging 
features like GBM, having a large necrotic center with irregular enhancement ( 69 ) (Fig. 13). 

Malignant Brain Stem Glioma 

Brain stem gliomas are a heterogenous group of, typically, pediatric brain tumors. Adult 
brainstem gliomas are rare ( 70 ). Focal, more benign subtypes (i.e., tectal, focal tegmental, 
dorsal exophytic, cervicomedullary) are usually pilocytic gliomas while diffuse (intrinsic) 
pontine gliomas are of the fibrillary type with a higher WHO grade and poor prognosis ( 71 ). 
Diffuse pontine gliomas have a somewhat better prognosis in children with NF1 whereas the 
prognosis is worse for NF1 adults ( 72 ). 

On noncontrast CT, diffuse pontine gliomas are usually seen as a low-attenuation ill defined 
mass expanding the pons (Fig. 14A). Abnormal signal intensity with expanded configuration 
of pons, exophytic growth into the basal cisterns, and occasional encasement of basilar artery 
are better appreciated on MRI (Fig.l4B). Calcification is rarely seen. Hydrocephalus is 
uncommon even in large infiltrative tumors, seen in only about 10% of cases at presentation 
(unlike focal tumors such as tectal glioma) ( 73 ). Enhancement is variable in pontine gliomas 
and indicates poor prognosis particularly in adults ( 70 ). CSF dissemination occurs in up to 
50% of cases ( 74 ). 


Anaplastic Ependymoma 

Ependymomas generate considerable controversy with regard to their rational clinical 
management. Malignant histologic features seen in ependymomas are related to prognosis, 
but not as strongly as seen with astrocytomas ( 75 , 76 ). According to WHO grading, ependymal 
tumors have been divided into subependymomas (grade I), ependymomas (grade II), and 
anaplastic ependymomas (grade III) ( 77 ). Besides the typical histologic features of ependy- 
momas which includes glial (perivascular “pseudorossettes”) and epithelial (ependymal “true 
rosette” pattern) components, anaplastic ependymomas (AE) show endothelial proliferation, 
mitoses, necrosis, and loss of typical cellular architecture ( 78 , 79 ). 

Tominaga et al. ( 78 ) reported CT imaging features in seven cases of anaplastic ependymo- 
mas. All had both cystic and solid components with CT detectable, calcific fragments. Increas- 
ing endothelial proliferation facilitates contrast enhancement. As these features are similar to 
subepyndemoma and ependymoma (grade I and II), distinction between them is difficult on 
the basis of imaging findings (Fig. 15). 

Anaplastic Pleomorphic Xantho astrocytoma 

Anaplastic pleomorphic xanthoastrocytoma (PXA) is a benign supratentorial astrocytoma 
which occurs almost exclusively in young patients. They are classified as WHO grade II. 
Histologically, pleomorphism is the hallmark of PXA in addition to other characteristic fea- 
tures. Anaplastic PXA is rare ( 80 ). PXA may need a long follow up as malignant transforma- 
tion has been seen after many years ( 81 ). 

Imaging features of PXA are either a cyst with an enhancing mural nodule or, less com- 
monly, a solid tumor ( 82 - 84 ). Calcification may be present (Fig. 16). The mural nodule is 
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Fig. 14. Diffuse pontine glioma (DPG). Noncontrast CT image displaying a large area of lucency in the 
posterior fossa ( arrows ) representing expansion of brainstem by infiltrative mass. Axial T2 weighted 
MRI of another patient showing hyperintense expansile mass ( long arrow), early stage as basilar artery 
is intact and not yet involved ( short arrow). 
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Fig. 15. Anaplastic ependymoma. Noncontrast CT and axial T2 MR images. Focal region of mixed density 
in the right frontal lobe (long arrow ) with punctate calcifications ( short arrow). Note lack of vasogenic 
edema.MRI demonstrates well defined solid ( short arrow) and cystic ( long arrow) portions of the mass. 
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Fig. 16. Pleomorphic xanthoastrocytoma. (A,B) Noncontrast CT images. (A, long arrows) Focal periven- 
tricular left occipital hyperdensity with (B, short arrows ) punctuate calcifications. The lesion was removed 
but later on had a recurrent tumor at the same location (not shown). Biopsy showed anaplastic pleomorphic 
xanthoastrocytoma. 
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usually attached to the leptomeninges as the tumor usually has a peripheral location ( 83 ). On 
unenhanced CT, the mural nodule or solid tumor has variable density. Angiography may show 
a hypervascular tumor with supply from meningeal arteries ( 85 ). It is because of these imaging 
features that PXA can be confused with meningioma. Anaplastic PXA presents as a recurrent 
tumor with leptomeningeal dissemination. 

Astroblastoma (Anaplastic) 

A rare glial neoplasm, occurring in young patients. The cell of origin is debatable as they 
share features of astrocytoma and ependymoma. Based on histologic features, they can be low 
grade or high grade ( 86 ). 

Typical CT features (irrespective of the grade) are a mixed solid and cystic lobulated mass; 
the solid portion has a characteristic “bubbly” appearance (better seen on MRI). Punctate 
calcifications may be seen. Solid component shows heterogenous enhancement whereas there 
is usually rim enhancement of the cystic portion. Astroblastomas lack significant peritumoral 
edema ( 87 ). 


SUMMARY 

Computed tomography continues to play a significant role in the management of HGG. CT 
is superior in detecting calcification, hemorrhage and in evaluating bone changes related to 
tumors. Patients with pacemakers or metallic devices as well as critically ill or unstable patients 
represent some of the specific areas in which CT is the diagnostic modality of choice. CT is 
also study of choice for assessment of immediate post-operative complications. The arrival of 
multichannel, spiral CT has facilitated sophisticated 3D as well as dynamic imaging. These 
advanced techniques are useful in preoperative localization, intraoperative navigation, radia- 
tion therapy targeting and differentiation of recurrent tumor from post therapy changes. 
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Summary 

Magnetic resonance (MR) is clearly the accepted imaging standard for the preliminary evalua- 
tion, peri-operative management, and routine longitudinal follow-up of patients with high-grade glio- 
mas (HGG). The purpose of this chapter is to review the imaging characteristics of HGG using 
conventional MR imaging techniques. Whereas the newer techniques of MR diffusion, perfusion, 
diffusion tensor imaging, and MR spectroscopy will be included as part of this discussion of the high 
grade neoplasms, the detailed concepts of such studies will be discussed elsewhere in this text. 

Key Words: MR imaging; anaplastic astrocytoma; glioblastoma multiforme; gliosarcoma; 
gliomatosis cerebri; oligodendroglioma. 

INTRODUCTION 

Magnetic resonance (MR) is clearly the accepted imaging standard for the preliminary 
evaluation, peri-operative management, and routine longitudinal follow-up of patients with 
high-grade gliomas (HGG). The purpose of this chapter is to review the imaging characteristics 
of HGG using conventional MR imaging techniques. Whereas the newer techniques of MR 
diffusion, perfusion, diffusion tensor imaging, and MR spectroscopy will be included as part 
of this discussion of the high grade neoplasms, the detailed concepts of such studies will be 
discussed elsewhere in this text. 

In general terms, high-grade glial neoplasms are conventionally thought of as infiltrative 
parenchymal masses that are hyperintense on FLAIR fluid-attenuated inversion recovery 
(FLAIR) and T2-weighted images, hypointense on unenhanced Tl-weighted images, may or 
may not extend into the corpus callosum, are surrounded by extensive vasogenic edema, and 
prominently enhance following gadolinium administration. It must be pointed out that this 
description is clearly just a generalization as many high-grade neoplasms clearly do not follow 
these “rules” and some of these characteristics may even be seen in low-grade neoplasms. The 
most common and obvious contradiction is the pilocytic astrocytoma in children and young 
adults. This is clearly a low-grade neoplasm although MR imaging demonstrates a solid soft 
tissue nodule that enhances strikingly following gadolinium administration. Conversely, many 
HGG do not enhance at all with gadolinium ( 1 ). Such contradictions would suggest that 
isolated MR imaging characteristics frequently do not permit a clear distinction between the 
different primary glial neoplasms or the histologic grades of these masses. Earlier studies 
demonstrated sensitivities for MRI alone ranging from 55 to 83% for grading of gliomas ( 2 - 
7 ). One of these studies suggested mass effect and necrosis as the most reliable predictors of 
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tumor grade but these generalizations are frequently contradicted. Whereas enhancement is 
thought to be common in higher grade masses, all such masses do not enhance and, in one 
study, nearly 20% of glioblastomas did not enhance (6,8). It is likely safe to state that a 
prominently enhancing parenchymal mass in an adult is unlikely to be a low-grade neoplasm. 
In practice, the primary job of imaging in the preliminary evaluation of such patients is to 
characterize the extent of disease and the impact on the adjacent normal brain. Limited con- 
ventional MRI features in conjunction with demographic data and the clinical presentation can 
help to distinguish the different neoplasms and to identify the more aggressive masses. It is 
still becoming increasingly common to employ specialized studies such as diffusion, perfu- 
sion, and MR spectroscopy if conventional evaluation fails to make these distinctions in 
patients with conflicting clinical and imaging data. Alternatively, such studies can be utilized 
in the follow-up of gliomas to differentiate tumor recurrence, malignant degeneration, and the 
sequelae of therapy if conventional MRI fails to do so. 

ANAPLASTIC ASTROCYTOMA 

Anaplastic astrocytomas (AA) are histologically classified as World Health Organization 
(WHO) grade III neoplasms. Analagous to infiltrative astrocytomas, these tumors have infil- 
trative margins on histology. On the other hand, they contain areas of pleomorphism and high 
cellularity and may demonstrate areas of necrosis and cyst formation like their higher grade 
counterparts. Up to 75% of AA are felt to arise from lower grade gliomas whereas the anaplas- 
tic group may also dedifferentiate into glioblastomas over time (9). The age of presentation 
also tends to be intermediate between these two groups, typically discovered during the fourth 
to fifth decades of life in patients presenting with seizures, focal neurologic deficits, or signs 
of increased intracranial pressure (ICP) ( 10). In view of the above, it should not be surprising 
that AA tend to have imaging findings that are intermediate between the infiltrative astrocy- 
tomas and glioblastomas. 

The AA can be quite variable in location but nearly all are supratentorial and most are 
centered in the deep white matter and may secondarily involve the deep gray-matter struc- 
tures. These masses generally have poorly defined margins and are somewhat heterogeneous 
in signal intensity characteristics on all MR pulse sequences, most evident on the FLAIR and 
T2-weighted images (Fig. 1). The amount of surrounding vasogenic edema is quite variable 
but more commonly relatively mild and frequently indistinguishable from the margins of the 
nonenhancing component of the mass. Consequently, it is difficult to determine the true extent 
of neoplastic cell invasion when planning complete resection by MRI. FLAIR and T2-weighted 
images certainly demonstrate the extent of parenchymal involvement better than the 
T1 -weighted images but tumor cells can extend into parenchyma that is normal in signal 
intensity on all pulse sequences. Of the two, the FLAIR images generally make it easier to 
appreciate the MRI abnormality because the darkened cerebrospinal fluid (CSF) makes 
involvement along the pial and ependymal surfaces of the brain more obvious and resetting 
the gray scale makes the subcortical involvement more apparent. The Tl- weighted images are 
generally more useful for assessing mass effect and location of the mass. The unenhanced 
Tl -weighted images may also show small foci of mild hyperintensity related to dystrophic 
calcification (shortened Tl -relaxation time resulting from the impact on water molecules by 
the calcium along the margins of the crystalline matrix) that could be misleading when 
assessing gadolinium enhancement. Small foci of hemorrhage that may arise de novo or may 
be related to a recent stereotactic biopsy procedure are commonly more obviously hyperintense 
on the Tl -weighted images. The parenchyma that enhances with gadolinium represents the 
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Fig. 1 . Anaplastic astrocytoma: (A) Axial T2-weighted image demonstrating large infiltrative mass in 
the left frontal lobe that is heterogeneously hyperintense, presumably representing the heterogeneity of 
the histology. (B) Large irregular nodular foci and small ill-defined patchy foci of enhancement are 
detected in the inferior left frontal lobe on this gadolinium-enhanced T1 -weighted spin echo images. 
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area with the most extensive breakdown in the blood-brain barrier (BBB) and generally 
indicates the more aggressive component of the mass but clearly does not reflect the true extent 
of the mass. The enhancement within the masses is generally patchy or heterogeneous in 
nature. Ring enhancement is atypical as this is generally seen in glioblastomas with central 
necrosis. On the other hand, some AA may not enhance at all. One prior study demonstrated 
that nearly 40% of nonenhancing masses were found to be AA ( 8 ). The associated mass effect 
is contingent on size, location, and surrounding edema but is usually moderate in degree. 
Evidence of prior hemorrhage is relatively infrequent in contrast to glioblastomas. It is also 
important to remember that AA generally spread in a contiguous fashion along normal white- 
matter tracts but may also disseminate in the CSF along the pial and ependymal surfaces if the 
mass is contiguous with the ventricles or the outer surface of the brain. This is most sensitively 
demonstrated on gadolinium-enhanced T 1 images as linear and/or nodular enhancement along 
the ependymal or pial surfaces of the brain and/or spinal cord or as confluent masses of varying 
sizes in the basilar cisterns, over the cerebral convexities, or within the spinal canal. 

GLIOBLASTOMA MULTIFORME 

Glioblastoma multiforme is classified as a WHO grade IV neoplasm and is among the most 
common primary intracranial neoplasms. Glioblastomas account for the majority of glial 
tumors, over half of astrocytic tumors, and up to 20% of all intracranial tumors ( 1 , 11 ). Although 
uncommon in the pediatric population, glioblastomas make up more than half of primary 
intracranial neoplasms in adults with a peak incidence during the sixth and seventh decades 
of life. Similar to the AA, the glioblastomas generally arise within the cerebral hemispheres 
and symptoms at presentation usually include headache, seizures, focal neurologic deficit, 
change in personality, and/or signs of increased intracranial pressure. 

Histologically, these masses are characterized as infiltrative masses with high cellularity, 
cellular pleomorphism, and increased mitotic index. These tumors are characteristically very 
heterogeneous with evidence of microvascular and endothelial proliferation, tumoral hemor- 
rhage, and variably sized foci of tissue necrosis ( 12 , 13 ). Imaging characteristics reflect the 
histopathologic findings as these masses are generally quite heterogeneous in appearance on 
MR and computed tomography (CT). Hemorrhage may be seen in up to 20% of masses and 
evidence of necrosis is conventionally thought of as the “imaging hallmark” of glioblastomas 
( 14 - 16 ). Dystrophic calcification is quite uncommon, likely due to the relatively aggressive 
nature of the mass. 

MRI demonstrates an infiltrative, intra-axial, soft tissue mass within the cerebral hemi- 
spheres that is heterogeneous in signal intensity on all pulse sequences. Although glioblasto- 
mas are quite cellular, the soft tissue components are generally heterogeneously hyperintense 
on the FLAIR and T2-weighted images. There is generally a large amount of surrounding 
vasogenic edema resulting from the proliferation of abnormal blood vessels within the mass 
and transudation of fluid into the interstitium through the leaky endothelium. There may also 
be neoplastic cells within the edematous tissue that is indistinguishable from the edema alone 
( 17 - 19 ). In either case, this will appear as surrounding prominent hyperintensity on T2 and 
FLAIR and less obvious hypointensity on T1 -weighted MR images. As the coipus callosum 
is made up of densely packed white matter that is generally resistant to the spread of vasogenic 
edema, FLAIR and T2 signal abnormalities that are contiguous with the mass and extend into 
the corpus callosum can generally be thought of as contiguous spread of neoplasm rather than 
extension of vasogenic edema regardless of whether there is enhancement with gadolinium in 
this region of the corpus callosum or not (Fig. 2). 
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The vascularity and necrosis in these masses explains the presence of prior hemorrhage that 
may be seen in these masses. Acute hemorrhage will appear as a focus of hypointensity on 
Tl- and T2-weighted images, subacute hemorrhage will appear hyperintense on both 
sequences, and remote hemorrhage may be seen as mild hyperintensity on Tl or, more likely, 
irregular or linear foci of hypointensity on the T2-weighted images. Turbo- or fast-spin echo 
acquisitions are now used routinely for conventional MRI. Unfortunately, these pulse 
sequences inadvertently suppress the signal loss because of local field inhomogeneities caused 
by the iron deposition at the site of remote hemorrhage. If there is a suspicion of prior hem- 
orrhage, it is necessary to perform a T2*-weighted gradient echo acquisition with a relatively 
long echo time in addition to conventional MR pulse sequences to more sensitively evaluate 
for the presence of prior hemorrhage. Such sequences will accentuate foci of prior hemorrhage 
as irregular foci of hypointensity resulting from a localized tissue gradient (hemorrhage 
adjacent to normal brain tissue) causing loss of signal in the tissues. 

Contrast enhancement in these masses is usually quite prominent and heterogeneous in 
nature. The enhancement is generally more prominent peripherally as a thick, irregular rim 
surrounding a central area of necrosis that may occupy up to 80% of the volume of the overall 
mass ( 20 ). Although not uniformly present, glioblastomas classically demonstrate multi- 
loculated enhancement, comparable to that seen with abscess cavities. Abscess cavities would 
be more likely to have a thinner, more uniform rim that is hypointense on T2-weighted 
sequences in contrast with glioblastomas. The central cavities of abscesses are also more apt 
to have restricted diffusion on diffusion- weighted sequences than a glioblastoma ( 21 , 22 ). If 
these imaging findings and the clinical presentation still present a dilemma, alternative spe- 
cialized studies could be employed for further preoperative evaluation. 

The overwhelming majority of glioblastomas are solitary, supratentorial, intra-axial masses 
that spread within the parenchyma along white-matter tracts. In less than 5% of cases, these 
masses may be multifocal or multicentric. Such masses are thought to arise simultaneously at 
several sites if the masses are clearly separated by normal appearing white matter on all pulse 
sequences and are not contiguous with a pial or ependymal surface. Even more commonly than 
AA, glioblastomas may disseminate within the CSF space along the leptomeninges, ependy- 
mal surfaces of the ventricles, and pial surfaces of the brain and/or spinal cord to cause cranial 
nerve symptoms, hydrocephalus, radiculopathies, and myelopathy. It is possible to identify 
larger deposits of neoplasm that have spread within the CSF as hyperintense to isointense 
nodules of tissue on FFAIR images or hypointense to isointense masses on Tl -weighted 
images. Gadolinium enhanced Tl-weighted imaging is a far more sensitive means of evalu- 
ation for leptomeningeal spread of neoplasm and will be recognized as linear or nodular 
enhancement along the leptomeninges or pial or ependymal surfaces. Early signs on MRI may 
be unexplained new hydrocephalus without evidence of infection, new linear enhancement 
along the ependymal surfaces of the ventricles, or enhancement along the cranial nerves in the 
basilar cisterns (commonly cranial nerves III, V, VII, and VIII). 

GLIOSARCOMA 

Gliosarcomas are rare glioblastomas that contain an anaplastic glial component compa- 
rable to a glioblastoma, as well as, a mesenchymal component ( 23 ). Most commonly, the 
mesenchymal component is a malignant fibrous histiocytoma or fibrosarcoma but other alter- 
natives include sarcomatous derivatives of smooth muscle, striated muscle, cartilage, and 
bone ( 24 - 26 ). These masses present during the fifth to seventh decades of life and are thought 
to arise from vascular constituents of glioblastomas. Gliosarcomas have also been reported 
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Fig. 2. Glioblastoma multiforme: (A) Axial TSE T2 image demonstrates a large heterogeneous soft 
tissue mass that extends to either side of midline. There is extensive confluent surrounding hyper- 
intensity in the white matter of both cerebral hemispheres that likely represents a combination of edema 
and infiltrative neoplasm. (B) The mass clearly involves both mesial frontal lobes and the patchy 
hyperintensity within the mesial left frontal lobe suggests recent hemorrhage. 
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Fig. 2. (continued from previous page ) (C) Following gadolinium administration, there is prominent, 
heterogeneous and multiloculated enhancement that involves both frontal lobes and the intervening 
body of the corpus callosum, typical for a glioblastoma. 


following radiation therapy for pituitary adenomas, leukemia and lymphoma, presumably 
from vascular or astrocytic elements of a preexistent mass ( 27 - 29 ). Such secondary masses 
arise after a relatively long latent period ranging from 1 to 1 2 yr after the therapy, appear within 
the irradiated parenchyma, and are different than the original mass ( 29 , 30 ). In contrast with 
most primary intracranial masses, it is relatively common for the gliosarcomas to metastasize 
to sites outside of the central nervous system (CNS) ( 24 , 31 , 32 ). 

These masses are generally supratentorial and most commonly temporal in location. The 
masses are frequently relatively peripheral and may abut the dural surface similar to meningio- 
mas but are still clearly intra-axial in location. Similar to the glioblastomas, the gliosarcomas 
are somewhat heterogeneous in signal intensity characteristics on MRI as a result of hemor- 
rhage and necrosis within the masses. On the other hand, the gliosarcomas are discrepant as 
the underlying soft tissue component is still relatively hypointense on T2-weighted images, 
likely because of the high cellularity and high vascularity of the masses. Surrounding edema 
is frequent and the enhancement may be uniform or ring-like but very prominent following 
gadolinium administration ( 33 ). 

GLIOMATOSIS CEREBRI 

Gliomatosis cerebri (GC) is defined as a generalized infiltration of parenchyma by neoplas- 
tic glial cells involving at least two, and more commonly three lobes of the brain ( 34 , 35 ). The 
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Fig. 3. Gliomatosis cerebri: (A-C) Axial turbo spin echo FLAIR images of the brain demonstrates 
diffuse subtle hyperintensity involving the white matter of nearly the entire left cerebral hemisphere and 
contiguous extension across midline through the corpus callosum into the right cerebral hemisphere. 
There is relatively mild mass effect in proportion to the size of the mass and the architecture of the 
hemispheres is largely maintained. 
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Fig. 3C. (Continued from previous page.) 


involved areas should all be contiguous in contrast to a multifocal or multicentric glioma in 
which the multiple lesions appear completely separate. Beyond this, the overall architecture 
of the brain parenchyma is generally preserved on imaging and gross pathology. Although 
gliomatosis may present any time from the first decade to the sixth decade, it usually presents 
during the second through fourth decades without a predilection for sex. The clinical presen- 
tation may be nonspecific and usually insidious over a period of months to years, including a 
change in personality, dementia, hydrocephalus, and signs of increased intracranial pressure 
(ICP) prior to the onset of focal neurologic symptoms ( 36 , 37 ). 

Parenchymal involvement is usually supratentorial and predominantly involves the white 
matter with secondary involvement of deep and superficial gray matter and may also include 
the brainstem and cerebellum. On rare occasions, gliomatosis may present as a diffuse leptom- 
eningeal process, indistinguishable from leptomeningeal metastases from distant primaries 
( 38 , 39 ). The “more common” parenchymal variety is typically recognized as a poorly defined, 
confluent and frequently mildly hyperintense process on the FLAIR and T2-weighted MR 
images that may be somewhat heterogeneous. The involved tissue is mildly increased in 
volume yet the overall structure of the tissue is still relatively well maintained (Fig. 3). The 
tissue may be isointense to mildly hypointense on T1 -weighted images or hypointense and 
mildly heterogeneous on the T1 -weighted gradient echo volume acquisitions typically used 
for preoperative three-dimensional (3D) localization. There is usually no enhancement with 
gadolinium on the T1 -weighted images but may be present late in the disease process and 
described as linear or patchy in nature when it is present ( 40 ). 
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OLIGODENDROGLIOMA 

Oligodendrogliomas are considerably less common than glioblastomas and other astrocy- 
tomas and have a bimodal age distribution at presentation: the smaller initial peak occurs 
during the latter part of the first decade whereas the more common age of presentation is during 
the third to fifth decades of life ( 41 ). These masses almost invariably arise supratentorially and 
are most commonly found in the frontal white matter and less commonly in the temporal and 
parietal white matter ( 42 ). A few reports have also documented primary posterior fossa masses 
in children which are thought to be more aggressive ( 43 ). Oligodendrogliogliomas may also 
rarely arise within the spinal cord ( 44 ). 

The histology of oligodendrogliomas can be widely variable and different criteria have 
been proposed for characterizing the histologic grading of these masses for prognostic pur- 
poses and therapeutic decisions ( 45 - 50 ). As there is no one reliable criterion, each of these 
systems implements a combination of criteria to grade these masses. Among these proposals, 
only one of these systems includes an imaging criterion in the grading system — contrast 
enhancement ( 49 ). Regardless of which criteria are used for histologic grading, the WHO 
recognizes only two categories: oligodendrogliomas and anaplastic oligodendrogliomas — 
the latter of which we are most interested in for this discussion. Molecular studies of oligo- 
dendrogliomas suggest that vascular endothelial growth factor receptors are highly expressed 
in the anaplastic oligodendrogliomas. This would imply that portions of oligodendrogliomas 
that degenerate to higher grade masses may then express these receptors and induce neo- 
vascularity and central necrosis ( 51 ). These factors would argue the importance of enhance- 
ment, tumor heterogeneity and necrosis as important imaging criteria for more aggressive 
oligodendrogliomas. Cytogenetic studies are also generally utilized in predicting response to 
therapy: loss of chromosome lp is associated with increased chemosensitivity; loss of lp and 
19q associated with higher chemosensitivity and longer survival; and the deletion of p 16 on 
chromosome 9p in anaplastic oligodendrogliomas is associated with reduced survival ( 52 , 53 ). 
Unfortunately, there are no real imaging correlates for these genetic characteristics. 

Conventional MRI characteristics are somewhat nonspecific. The oligodendrogliomas 
present as confluent and relatively well-defined foci of hyperintensity on FLAIR and T2 with 
predominant involvement of the subcortical white matter and secondary involvement of the 
overlying cortical gray matter. Whereas a very high percentage of these masses are reportedly 
calcified on histology, up to 60% are calcified on CT ( 54 , 55 ). The calcifications are typically 
large, dense, and globular on CT but can be easily missed altogether (even in retrospect) on 
MRI and do not clearly correlate with the histologic grade of the mass. Likewise, these masses 
may also contain cysts or foci of prior hemorrhage in 20% of cases but are not clearly predic- 
tive of tumor grade or the uniformity of histology. In some cases, the patients may present 
because of acute parenchymal hemorrhage within the mass but this is relatively rare. Sur- 
rounding edema is reported in 60% of cases and more commonly seen with higher grade 
neoplasms but may be difficult to distinguish from the underlying mass on FLAIR and T2. The 
signal intensity on T 1 - weighted images may be hypointense or mixed hypo- and hyperintense, 
perhaps because of prior hemorrhage and/or dystrophic calcification. Enhancement with 
gadolinium is also quite variable but more commonly seen with the higher grade neoplasms. 
When present, the gadolinium enhancement is subtle and patchy or honeycomb-like in nature 
( 54 , 56 ). Leptomeningeal metastases may also be seen in the setting of anaplastic oligodendro- 
gliomas causing more extensive diffuse enhancement of the leptomeninges ( 57 ). 

It is relatively common for oligodendrogliomas to be mixed with components of an astro- 
cytoma of varying degrees of malignancy. Anaplastic oligodendrogliomas may also degen- 
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erate into glioblastomas. Unfortunately, there are no good imaging criteria to preoperatively 
distinguish a mixed oligoastrocytoma from a pure oligodendroglioma. Degeneration into a 
glioblastoma may be distinguishable on preoperative imaging studies, the criteria for which 
are listed above. 


DIFFUSION 

MR diffusion imaging initially gained popularity and is now routinely used in the evalu- 
ation of patients with acute strokes ( 58 - 61 ). In MR diffusion imaging, strong magnetic gra- 
dients are applied in each of three orthogonal directions to imaging sequences in equal but 
opposing directions. These gradients establish gradients across the individual imaging voxels 
and diffusing protons within these voxels cause a loss of phase coherence over time that 
accounts for signal loss within those voxels. The signal loss is proportional to the distance the 
diffusing protons moved over that time period. Protons whose diffusion is “restricted” by 
physical barriers or because they are bound to macromolecules will not change their net 
phases. Apparent diffusion coefficients (ADCs) can be calculated by ratios of intravoxel 
signal intensities taken from at least two sequences with differing gradient strengths. In the 
case of an acute stroke, the ischemic injury results in cytotoxic edema and influx of Na + and 
water from the extracellular space to the intracellular compartment. The brownian motion of 
water that would normally take place in the extracellular compartment is then restricted in the 
cells by the cell membranes. Conversely, protons within the CSF of the ventricles will move 
in a relatively unrestricted fashion, lose proportionately more signal, and have high apparent 
diffusion coefficients. 

Preliminary implementations of diffusion imaging were limited by artifact from physi- 
ologic motion (normal brain pulsation) and long imaging times. The routine use of echo- 
planar imaging (EPI) reduces the problem of physiologic motion dramatically and makes the 
overall acquisition time very short (typically on the order of 1.5 min) so gross patient motion 
is rarely a problem. The residual practical problems in this acquisition largely relate to local 
field inhomogeneities caused by the air/soft tissue interface at the skull base. This results in 
signal loss and geometric distortion in the inferior frontal lobes, temporal lobes, and the 
posterior fossa. Such problems are further aggravated by artifact from metal in dental work 
and ventriculostomies or anywhere in the region of the skull base with higher field strength 
magnets (e.g., 3.0 Tesla). The dilemma is that artifact could potentially be misinterpreted as 
restricted diffusion. This can be minimized with stronger and faster gradients in the MR 
machines, multishot echo-planar acquisitions, and more recently, parallel acquisition tech- 
niques using phased array head coils. Parallel acquisition techniques also have the potential 
to improve the spatial resolution of the voxels in these images which is currently on the order 
of 4 x 2 x 5 mm with conventional coils and EPI. 

This concept has been applied to a number of other situations to complement conven- 
tional MRI sequences for improved specificity. It has been argued that solid intracranial 
neoplasms will cause a reduction in the apparent diffusion coefficient whereas surrounding 
edema, cyst formation and necrosis will increase the calculated apparent diffusion coeffi- 
cient. The restricted diffusion in solid neoplasms has been attributed to an increase in cel- 
lularity and the corresponding reduction in the extracellular fluid space in contrast to normal 
brain tissue ( 62 - 66 ). Although a statistically significant correlation has been demonstrated 
between lower ADC values, higher cellularity, and higher-grade neoplasms in large groups, 
ADC values have not been proven useful to make these distinctions in individual patients. 
Interestingly, some of these same investigators attempted to correlate the increased cellular- 
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ity of these tumors with the degree of T2 hypointensity (presumed to indicate high cellular- 
ity in conventional MRI such as is commonly seen in primary CNS lymphoma) and failed 
to demonstrate consistent results. Investigators have also attempted to characterize different 
primary gliomas by their ADC values, but these studies have utilized different techniques 
with variable hardware and software in small groups of patients making this data of limited 
clinical utility. Moreover, the nature of the pathology in question is exceedingly variable 
within an individual patient, making it difficult to effectively measure even with a consistent 
technique ( 63 ). This would likely contribute to the overlap in ADC values previously mea- 
sured in gliomas, metastases, and meningiomas. 

Another hope was that diffusion could help to preoperatively characterize the peripheral T2 
and FLAIR hyperintensity to distinguish a solitary metastasis from a primary glioma. The 
peripheral T2 hyperintensity in the white matter surrounding metastases should be vasogenic 
edema within the extracellular fluid space whereas the peripheral hyperintensity surrounding 
gliomas should be infiltrating neoplastic cells. Once again, investigators found no significant 
difference in diffusion characteristics of this tissue. The white matter surrounding gliomas 
likely contains edema and infiltrating tumor cells which have canceling effects on the diffu- 
sion study and could be quite variable between different patients and possibly even within a 
single patient. In the end, diffusion studies are more likely to complement conventional MRI 
studies rather than provide a new physiologic contrast that is clearly better than conventional 
sequences in the evaluation of patients with gliomas. For example, diffusion sequences could 
serve to identify the most densely cellular component of a primary glioma as a guide for 
localizing a biopsy site. The diffusion sequences may also serve as an additional indicator of 
malignant degeneration of a known lower grade neoplasm beyond more conventional param- 
eters such as new gadolinium enhancement and/or worsening mass effect (Fig. 4). 

Alterations in the histology and quantity of fluid in the intracellular and extracellular spaces 
have also been implemented to distinguish chemo- and/or radiation therapy-induced necrosis 
from recurrent neoplasm in the routine follow-up of patients with HGG ( 67 , 68 ). Tissue con- 
taining radiation-induced necrosis should have a marked paucity of cells and recurrence of a 
HGG within the parenchyma should contain more densely packed cells. Although the histol- 
ogy is quite discrepant, the appearance of these two entities on conventional MRI may be 
indistinguishable owing to physical proximity to the site of the original tumor, surrounding 
vasogenic edema, localized mass effect, and the breakdown in the blood-brain barrier (BBB) 
causing gadolinium enhancement. In practice, the distinctions have often relied upon clinical 
suspicion, short-term follow-up conventional MRI, positron emission tomography (PET), 
single photon emission computed tomography (SPECT), and, ultimately, surgical biopsy. 
One recent study compared two small groups of patients with WHO grade III and IV gliomas 
who had recurrence of the primary neoplasm vs therapy-induced necrosis ( 68 ). They were able 
to demonstrate significantly lower ADC values in those patients with recurrence than in those 
patients with therapy induced necrosis, presumably related to higher cellularity in the recur- 
rence group ( 66 , 69 ). These differences were more significant when the data were normalized 
to regions of interest in the opposite normal hemisphere in the same patients by generating 
ADC ratios. This data set a threshold of 1.62, above which suggested treatment induced 
necrosis while values below this were only found in patients with tumor recurrence. 

DIFFUSION TENSOR IMAGING 

The principle of diffusion imaging can also be implemented to perform diffusion tensor 
imaging (DTI) and reproduce directional maps of the cerebral white matter. Instead of apply- 
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Fig. 4. Gliomatosis cerebri: (A) FLAIR image through the thalamus in the same patient as Fig. 3 
demonstrates a more confluent mass with more prominent mass effect, distinctly different from 
the diffuse infiltrative process elsewhere. (B,C) Axial diffusion trace image and correlative ADC map 
demonstrate restricted in the periphery of this focus suggesting restricted diffusion. Note the striking 
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Fig. 4. (continued from opposite page) signal loss and geometric distortion in the inferior frontal poles 
resulting from the local field inhomogeneity of the brain/skull base interface. (D) There is prominent 
enhancement of this rim of tissue following gadolinium administration but there was no enhancement 
elsewhere. Biopsy of this focus revealed glioblastoma. 
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ing the strong diffusion gradients in each of the conventional three orthogonal directions, these 
same gradients and various combinations of these gradients are applied in a minimum of six 
directions in the same echo-planar sequences ( 70 , 71 ). The diffusion in white matter is clearly 
dependent on the orientation of the white matter bundle. Specifically, white matter diffusion 
is greatest along the longitudinal axis of the myelin sheaths and neuronal axons and minimal 
perpendicular to their longitudinal axes as a result of the physical barriers of the membranes. 
As a result, such measurements can be used to demonstrate the orientation of white matter 
tracts in vivo. The diffusion measurements in each of the six directions are used to generate 
a 3 x 3 diffusion tensor matrix. Diagonalization of these data generate ellipsoids for each 
imaging voxel whose major, minor and intermediate axes define the orientation of the white 
matter in the voxel ( 72 , 73 ). These axes are characterized as eigenvectors to indicate the 
direction of these axes and eigen values to reflect the maximal diffusivity in these directions. 
The eigen value for the major eigen vector of each voxel indicates the maximal diffusivity or 
primary orientation of the white matter in a specific imaging voxel. Diffusion anisotropy is 
a measure of the deviation of the ellipsoid from a sphere. In the case of a sphere, the fractional 
anisotropy (FA) is equal to zero and there is equal diffusion in all directions. The converse 
would be a fractional anisotropy of 1.0 in which the diffusion is essentially all along one 
direction as might be expected in a highly organized white matter tract. Maps can be generated 
and displayed in a variety of fashions, the most common of which are color FA maps. By 
convention, red indicates a right/left direction, green indicates an anterior/posterior direction, 
and blue indicates a cephalo-caudad direction. The intensity of the color is directly proportion- 
ately to the FA in each voxel. If a region of interest (ROI) is chosen in a specific white matter 
bundle, a region-growing algorithm can be applied to demonstrate the three-dimensional 
course of the white matter tract in a process called tractography ( 74 - 78 ). Alternatively, ROIs 
can be chosen on the diffusion maps to quantify the direction and magnitude of the diffusion 
in the white matter using fractional anisotropy and mean diffusivity (average eigen values for 
the three vectors defining the ellipsoids). 

Not surprisingly, DTI has also been implemented in a variety of intracranial pathologies, 
including patients with FIGG ( 71 , 79 - 82 ). The results of studies implemented for diagnostic 
purposes have demonstrated somewhat mixed results. Mean diffusivity (MD) was not found 
to be diagnostic for distinguishing low- and high-grade gliomas. Whereas the MD of low- 
grade gliomas (LGG) was somewhat higher than HGG, the differences were not statistically 
significant. It is also not possible to distinguish edema from infiltrative neoplasm along the 
margins of LGG and HGG with DTI ( 83 ). The mean diffusivity of the T2-hyperintensity in 
the white matter surrounding parenchymal metastases was found to be significantly greater 
than in the hyperintensity surrounding primary gliomas (SO). In another study of HGG, normal 
white matter had higher FA and lower MD than the underlying mass and surrounding edema. 
Similarly, the gadolinium-enhancing rim of the masses had higher FA and lower MD than the 
nonenhancing center. When comparing solitary and multifocal primary masses, the MD was 
lower and the FA was higher in the enhancing components of multifocal gliomas than in 
solitary gliomas ( 79 ). The surrounding T2-hyperintensity was similarly discrepant in multi- 
focal disease, perhaps to infiltrating, nonenhancing neoplasm in the white matter. 

DTI studies have also been implemented in preoperative planning of patients with HGG 
(Fig. 5). When planning surgery in these patients, the goal is obviously to maximize the extent 
of resection of the mass without compromising eloquent structures. DTI has been used to 
locate major white matter tracts (e.g., corticospinal tracts) and determine if these tracts are 
simply displaced and normal, edematous, infiltrated by tumor, or frankly destroyed ( 71 , 82 ). 
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Fig. 5. Hig-grade glioma: (A,B) Coronal and sagittal planar reconstructions of colorized fractional 
anisotropy maps demonstrating complete disruption of the normal white matter tracts in the region of 
the large infiltrative left frontal mass and mild displacement of the corticospinal tracts (blue) dor- 
sally. 
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Four different categories have been described to characterize these tracts on DTI, including: 
(1) bulk displacement of the tract causing abnormal location and direction and normal or 
slightly reduced FA; (2) edematous tract with a normal location and direction and reduced FA; 

(3) tract infiltrated by tumor causing a change in direction of the tract and reduced FA; and 

(4) complete disruption of the tract by infiltrating neoplasm causing markedly reduced FA. In 
practice, it may be somewhat more difficult to implement these distinct classifications, as 
there will likely be combinations of these findings in large white matter tracts. 

PERFUSION 

MR perfusion (MRP) imaging has also been utilized in the diagnosis and management of 
HGG. Conventional MRI provides qualitative information about the degree of breakdown in 
the BBB. Gadolinium enhancement within a mass is more commonly seen with HGG than 
low-grade masses but this is clearly not uniform as alluded to above. Angiogenesis is an 
important factor in the growth and malignant transformation of gliomas but does not neces- 
sarily correlate with the presence of enhancement on MRI. Perfusion imaging provides the 
capability of calculating parameters such as cerebral blood flow (CBF) and cerebral blood 
volume (CB V) as quantifiable measures of the extent and nature of blood vessels supplying 
gliomas. It has been argued that the angiogenesis found in higher grade gliomas is more 
sensitively detected in MRP studies as areas of increased cerebral blood flow and cerebral 
blood volume (Fig. 6). Such studies have been performed with PET and SPECT in the past 
with relatively high specificity for malignancy but these studies have also been hampered by 
low spatial resolution, reduced sensitivity for low-grade intra-axial masses, and limited avail- 
ability ( 84 - 87 ). Alternatively, MRP can be performed at the same time as the routine follow- 
up MRI of patients with HGG with minimal additional time and cost and with good correlation 
to PET-derived values ( 6 , 88 - 91 ). MRP studies themselves have also been found to directly 
correlate with histologic grade and individual histologic features of malignancy ( 92 - 94 ). 

MRP imaging can be performed by one of two different methods. Arterial spin labeling 
applies an inversion or tagging radiofrequency pulse to the inflowing blood outside the vol- 
ume of interest, waits for an appropriate transit time to flow into the volume and exchange free 
water within the tissue, image the volume, and subtract a control image. A modification of the 
Kety method is utilized to calculate perfusion parameters of the tumors ( 95 , 96 ). Clinical 
experience with this method is relatively limited and MRP imaging is far more commonly 
performed with dynamic susceptibility-weighted contrast-enhanced MRI ( 7 , 92 , 97 , 98 ). This 
technique implements a rapid intravenous bolus of gadolinium and relies on high-intravascu- 
lar concentration of the contrast to cause local field inhomogeneities surrounding the perfus- 
ing vessels. Tissue perfusion is measured by monitoring the degree of signal loss over time 
on a voxel-by-voxel basis on sequential T2*-weighted echo-planar images. The echo-planar 
acquisition permits coverage of the entire head and very high temporal resolution. Because all 
patients with HGG will receive gadolinium as part of the routine diagnostic study anyway, this 
study is performed immediately prior to the contrast-enhanced T1 imaging and adds minimal 
time to the exam. 

Both arterial-spin labeling and first pass bolus methods of MRP can be implemented in a 
clinical setting and can differentiate low- and high-grade neoplasms based on the discrep- 
ancies of blood flow to these neoplasms ( 97 ). Arterial spin labeling is noninvasive, permits 
repeated measurements, is not impacted by a disruption of the BBB, and provides perfusion 
parameters with minimal post-processing. Absolute values of perfusion are also possible with 
arterial spin labeling, making it easier to compare different patients and to longitudinally 
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Fig. 6. High-grade glioma: (A) Localized elevation in the CBV in the left inferior frontal gyms (red) 
suggesting a more aggressive component of the mass for biopsy. (B,C) Corresponding focus of mildly 
restricted diffusion on the diffusion trace image and the ADC map. 
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Fig. 6C. (Continued from opposite page.) 


follow individual patients during the course of therapy. On the other hand, it is still possible 
to provide information about tumor grading without absolute measurements and such mea- 
surements must still be corrected for age and the individual. Accurate measurements are 
contingent on the relaxation time of the tissues, vascular transit time to the tissues, and 
equilibrium magnetization of the blood. The spin labeling technique is limited by signal-to- 
noise in older individuals because reduced cardiac output prolongs inflow from the labeling 
volume to the volume of interest. The differential blood flow to gray and white matter also has 
an impact on transit time (200-400 ms in gray matter and 700-1000 ms in white matter). These 
factors would suggest more reliable results for masses located within the gray matter or 
more highly vascularized masses in white matter. By contrast, the first pass bolus methods 
produce images with higher signal-to-noise, permit data from a larger volume of interest, and 
allow easier calculation of parameters beyond CBF flow such as relative CB V, permeability, 
and oxygen extraction fraction. This latter method assumes no contrast extravasation into the 
extracellular fluid space and therefore demands an initial injection of gadolinium to reduce the 
impact of this systematic error. First pass bolus methods also demand the user to choose an 
appropriate arterial input function for calculation of the perfusion parameters. Depending on 
the location, size, heterogeneity, and vascularity of the mass, a single large vessel (e.g., 
ipsilateral middle cerebral artery) may not provide a uniform reference point for measure- 
ments throughout the mass. 

Clinical studies support the use of MRP studies to improve the sensitivity and specificity 
of MRI in the grading of gliomas ( 6 , 7 , 89 , 93 , 94 , 97 - 100 ). In one study, MRI factors such as 
signal intensity heterogeneity, gadolinium enhancement, mass effect, border definition, 
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amount of edema, hemorrhage, necrosis, and involvement of the corpus callosum were used 
as indicators of tumor grade ( 7 ). The sensitivity, specificity, positive predictive value, and 
negative predictive value for HGG with MRI were calculated as 72.5, 65, 86.1, and 44.1%. 
To minimize the misclassification of neoplasms, a threshold of 1.75 for rCBV was utilized 
in first pass bolus perfusion studies and demonstrated corresponding values of 95, 57.5, 87, 
and 79.3%. A threshold of 2.97 produced the same sensitivity as MRI whereas the specific- 
ity, positive predictive value, and negative predictive values were 87.5, 94.6, and 52.5%. 
This and other studies found mean rCBV values of 5.18 and 2.14, 3.64 and 1.11, 5.07 and 
1.44, and 5.84 and 1.26 for HGG and LGG respectively ( 6 , 7 , 94 , 101 ). On the other hand, 
there was no statistically significant difference between AA and glioblastomas with MRP 
studies. 

MRP studies have also been utilized to differentiate a solitary metastasis from a primary, 
HGG ( 98 ). No differences could be identified between these two entities if the rCBV was 
compared within the central, gadolinium-enhancing foci on the T1 -weighted images, but 
statistically significant differences could be appreciated in the surrounding hyperintensity 
on the FLAIR and T2-weighted sequences. In particular, the mean rCBV immediately 
adjacent to and peripheral to the gadolinium-enhancing foci of metastases and HGG were 
found to be 0.39 ± 0. 19 and 1.31 ± 0.97, and 0.66 ±0.17 and 1.06 ± 0.66, respectively. The 
higher perfusion surrounding the gliomas was attributed to nonenhancing tumor infiltration 
that dissipates with increasing distance from the enhancing focus while the reduced perfu- 
sion surrounding the metastases likely relates to vasogenic edema compressing the local 
microvasculature. 

Although neoplasms are characterized by increased vascularity, radiation and chemo- 
therapy generally compromise the microvasculature so that treated neoplasms will have 
reduced vascularity. It has therefore been suggested that MRP studies can be used like nuclear 
medicine studies to distinguish treatment effects from recurrent or residual neoplasm 
( 102 , 103 ). Good correlation between PET, SPECT, and MRP otherwise would support this 
but few well-controlled studies have been performed to date. 

SPECTROSCOPY 

MR spectroscopy (MRS) is becoming more commonplace in the routine evaluation of 
patients with intracranial masses as the software becomes more widely available and user- 
friendly on MR machines. Proton MRS can be practically implemented on any 1.5T MR 
system with clinically useful exam times, signal-to-noise, and spatial resolution. Higher 
field systems (e.g., 3.0 Tesla [T]) provide the theoretical advantages of improved signal to 
noise, shorter exam times, and improved spectral resolution (peak separation). The actual 
improvements in signal-to-noise are closer to 20-50% resulting from greater line width at 
3.0T as a result of greater field inhomogeneities and shorter T2 and T2* relaxation times 
( 104 , 105 ). Certainly, most studies are performed at 1.5T. The most practical considerations 
affecting the visibility of metabolites in MR spectra are the relaxation times of the metabo- 
lites and the sequence parameters. In single voxel techniques, chemical-shift imaging, or 3D 
multivoxel techniques, the primary choice in parameters with conventional MRS software 
is between short and long echo times. Long echo time acquisitions produce spectra that 
include-acetylaspartate (NAA), choline (Cho), creatine/phosphocreatine (Cre), and possibly 
lactate (Lac) peaks. Short echo time acquisitions include these same metabolites as well as 
myo-inositol (Ins), glutamate and glutamine (Glx), and possibly alanine (Ala), glucose (Gc), 
scyllo-inositol/taurine (scylns/Tau), and proteins/lipids ( 106 - 111 ). 
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NAA is present in relatively large quantities in the brain (8-10 m M) and therefore is the 
largest peak in normal spectra (at 2.02 ppm). A number of different roles have been proposed 
for NAA although its exact significance is unclear. Although it is generally felt to be neuron 
specific, it can also be found in immature oligodendrocytes and astrocyte progenitor cells 
(112). Reduced NAA is found early in development and with any process that causes a decline 
in the number of neurons, an impairment in neuronal metabolism, or replacement of normal 
neurons. Although the reasons are unclear, there is normally a progressive increase in NAA 
in the cerebral gray matter from ventral to dorsal and from the cerebral hemispheres to the 
spinal cord (111). 

The Cho peak at 3.2ppm primarily represents phospho-/glycerophospho-/phosphatidyl- 
choline. An elevation in brain total Cho is therefore felt to reflect increased membrane turnover 
as would be seen with cell proliferation related to gliosis, primary neoplasm, or normal 
myelination. Conversely, Cho can rise with increased membrane breakdown such as with 
demyelinating and dysmyelinating disorders. Regional variation in the brain is the reverse of 
that described for NAA. 

Cre consists of two peaks located at 3.04 ppm and 3.94 ppm. These peaks reflect a combi- 
nation of creatine and phosphocreatine and hence, an indication of the energy stores in the 
brain. Not surprisingly, there is relatively high concentration of creatine in the brain with a 
progressive increase from white matter, to gray matter and the cerebellum (111). The amount 
of Cre is relatively constant in each tissue type in normal brain and is frequently used as an 
internal standard. In pathologic tissue, this generalization is not that reliable, particularly in 
areas of necrosis (113). 

Lac is generally present in only minute amounts (<0.5 m M) in the brain and undetectable 
in normal spectra (114). The lactate peak can be visualized in any condition that results in 
anaerobic glycolysis such as energy metabolism disorders, hypoxia, stroke, neoplasms, or 
siezures. It can also be present in macrophages and therefore may be seen with acute inflam- 
mation. Lastly, lactate will also accumulate if there is poor washout from the tissue as with 
cysts, necrotic foci, or infarcts. When present, it is recognized as a doublet with 0.2 ppm peak 
splitting, centered at 1.32 ppm, and inverted below the baseline at long TEs (e.g., 135 ms) but 
projected above the baseline at short (e.g., 20 ms) and very long (e.g., 272 ms) TEs. 

The Ins peak is found at 3.56 ppm. Whereas Ins accounts for the majority of this peak, 
myoinositol-monophosphate and glycine also contribute to it. Myoinositol is not present in 
neurons and may be glia-specific as variations are linked to myelin formation and break- 
down (111,115,116). This would not be surprising as it is a component of membrane phospho- 
lipids. It is suggested that Ins is important in osmotic regulation of the brain, serves as an 
energy reserve, and as a reserve pool for inositol diphosphate — a second messenger. 

Glutamate (Glu) and glutamine (Gin) and GABA (y-aminobutyric acid) are generally 
inseparable at 1.5T and result in a complex peak (Glx) between 2.1 and 2.5 ppm. Glu is an 
excitatory amino acid found in neurons. Beyond this, Glu participates in the regulation of 
ammonia, fatty acid synthesis, and the Kreb’s cycle. Gin also has a role in ammonia regulation 
but is restricted to cerebral astrocytes. GABA is a product of Glu and functions as an inhibitory 
neurotransmitter. 

Ala (1.5ppm) is a nonessential amino acid with no known function that is often hidden in 
the lactate peak regardless of the echo time in the acquisition. Tau is another amino acid that 
serves as an excitatory neurotransmitter as well as in brain growth and osmoregulation ( 12 ). 
Tau resonates between 3.26 and 4.0 ppm and likely combines with scylns (an isomer of Ins) 
at 3.35 ppm to produce a small peak at 3.3 ppm that may be hidden by the adjacent Cho peak. 
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The lipids produce metabolite peaks at 0.9 ppm (methyl protons of lipids and macromol- 
ecules), 1.3 ppm (methylene protons of neutral lipids and lactate), and 2.0 ppm (lipid and 
cytosolic protein macromolecules) (117,118). The chemical moieties in proteins also contrib- 
ute to these peaks and peripherally positioned voxels may reflect contamination from the 
overlying subcutaneous fat. Otherwise, the lipid peaks may be accentuated in the setting of a 
necrotic focus, HGG and meningiomas, myelin breakdown, and certain inborn errors of 
metabolism. 

Much has been written about proton MRS in the evaluation of intracranial neoplasms in 
vivo (119-129). Although the conclusions from these studies are somewhat variable, this is 
clearly in part related to the inconsistency of the MRS techniques and post-processing as well 
as volume-averaging artifact from the placement of variably sized voxels. Nevertheless, these 
studies all seem to support the generalizations that neoplasms are characterized by a low NAA/ 
Cre ratio, an elevated Cho/Cre ratio, and in some cases elevated lactate (Fig. 7). The NAA is 
reduced as the mass replaces normal neurons and/or the tumor cells produce lesser amounts of 
NAA than normal neurons. Cre may be reduced if energy stores are reduced from the high 
metabolic demand of the tumor. The Cho is thought to be high because of increased membrane 
turnover imposed by more rapid cell growth and proliferation in the tumor. The Cho tends to 
be more prominently elevated in more aggressive solid neoplasms and is thought to be an 
indicator of cellularity but it does not necessarily correlate directly with tumor grade. Although 
it has been suggested that Lac tends to be more common in more malignant or necrotic masses, 
this is clearly controversial (121,126,128-130). These discrepancies may also be in part 
technical although Lac can definitely be seen on MRS in benign masses such as pilocytic 
astrocytomas and its presence hinges on the level of glycolytic activity, efficiency of electron 
transport in the tumor cells, and washout from the tissue ( 129,131 ). Elevated lipid levels may 
be complimentary to Lac — if not more helpful — in distinguishing more malignant masses 
(118,120,128,131). 

Although it is possible to quantify metabolites with MRS, most clinical studies rely on 
metabolite ratios and are compared to age-matched controls and, in the case of intracranial 
neoplasms, contralateral normal brain parenchyma. As suggested above, more aggressive 
neoplasms tend to have higher Cho/Cre ratios and lower NAA/Cre ratios. A linear correlation 
has been demonstrated between Cho/Cre and the cell proliferation index for Ki-67 positive 
cells which would imply that Cho may be a predictor of tumor grade by MRS but more likely 
just relates to cellularity (132,133). A recent study comparing LGG and HGG with ROC 
analysis to assess the performance of multivoxel proton MRS identified thresholds comparable 
to other studies of 1.08 for Cho/Cre, 0.75 for Cho/NAA (2,7,122,134-136). Such cutoffs 
yielded relatively high sensitivities (97.5 and 96.7%) but low specificities (12.5 and 10.0%) 
for distinguishing high and LGG. It is important to state that there have been variable results 
in showing statistically significant difference in these ratios when comparing AA with glio- 
blastomas. The presence of necrosis on the imaging study and lipid and lactate on MRS still 
cannot necessarily make this distinction. 

Distinguishing oligodendrogliomas from astrocytomas is perhaps of greater clinical sig- 
nificance given the response to chemotherapy of some oligodendrogliomas and mixed 
oligoastrocytomas. Both of these groups typically have reduced NAA and elevated choline 
levels. Short echo time MRS acquisitions can be used to evaluate for increased levels of Glx 
that have been reported in low- and high-grade oligodendrogliomas ( 137-139) . These same 
short echo time MRS studies could be used to identify myoinositol and alanine as markers for 
oligodendrogliomas ( 139-142 ). One dilemma would be that Glx and myoinositol both reso- 
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Fig. 7. High-grade glioma: (A) Axial T2 image demonstrates an infiltrative mass of heterogeneous 
hyperintensity in the inferior right frontal and temporal lobes . (B) A single voxel taken from a multi voxel 
MR proton spectroscopy study at 1.5T with a long echo time (TE 135 ms) which demonstrates a 
markedly elevated choline peak (304. 89), elevated choline/creatine ratio (approx 10/1), and NAA (45 .02) 
reduced nearly to the level of background noise. 
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nate at 3.55 ppm. The distinction between the high- and low-grade neoplasms would depend 
on the presence of elevated lipids and lactate and reduced myoinositol levels in the higher 
grade neoplasms. 

MRS has also been used in an attempt to differentiate metastases from HGG. No significant 
differences in the spectra have been consistently identified when comparing the mass lesions 
themselves. As shown with MRP, it is possible to distinguish these masses when data are 
obtained from the parenchyma surrounding the central gadolinium-enhancing focus. The 
Cho/Cre ratio in the peritumoral parenchyma is significantly higher with gliomas than with 
metastases (2.28 ±1.24 vs 0.76 ± 0.23) as the T2-hyperintensity surrounding gliomas also 
contains infiltrating tumor cells. The parenchyma surrounding metastases may show a global 
diminution of metabolites due to the dilution effect of vasogenic edema. There is no significant 
difference in the NAA/Cre ratios when comparing the two groups in this region. 

Lastly, MRS can be used to distinguish between other entities such as treatment induced 
necrosis and recurrent neoplasm. One small study used ROC analysis to demonstrate good 
reliability of MRS when readers assumed recurrent tumor was characterized by normal-to- 
high Cho and readily visible Cre while radiation necrosis contained voxels with markedly 
reduced Cho and Cre ( 143 ). Other studies similarly concluded that an elevated Cho/Cre ratio 
could be used to identify recurrent tumor in these patients while other investigators contra- 
dicted this ( 144 , 145 ). Cho can actually be elevated in early radiation- induced lesions due to 
demyelination and reactive astrocytosis. Elevated Cho/Cre may also be evident in late severe 
radiation necrosis and may be accompanied by Lac. Serial MRS studies would show a progres- 
sive decline in NAA/Cre and NAA/Cho and a relatively stable Cho/Cre with radiation necro- 
sis. A study with brachy therapy suggested an easier alternative is to use the patient’ s irradiated 
normal tissue as a control instead of the brains of healthy volunteers ( 146 ). With these internal 
references, NAA/Cho, NAA/Cre and Cho/Cre approached 1.0 in radiation necrosis. In this 
study, elevated lipids were only present with radiation necrosis following therapy. 
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Summary 

Magnetic resonance imaging (MRI) is the current standard neuroimaging modality for patients 
with high-grade gliomas (HGG). A valuable addition to the morphologic information obtained from 
MRI is magnetic resonance spectroscopy (MRS), which provides information regarding the metabolic 
status of the brain and tumor. In the clinical setting, MRS can be obtained during the same session as 
the MRI examination, therefore providing both morphological and metabolic imaging with minimal 
additional time. 

Key Words: MRI; MRS; adjuvant therapy planning. 

INTRODUCTION 

Magnetic resonance imaging (MRI) is the current standard neuroimaging modality for 
patients with high-grade gliomas (HGG). A valuable addition to the morphologic information 
obtained from MRI is magnetic resonance spectroscopy (MRS), which provides information 
regarding the metabolic status of the brain and tumor. In the clinical setting, MRS can be 
obtained during the same session as the MRI examination, therefore providing both morpho- 
logical and metabolic imaging with minimal additional time. As the literature regarding the use 
of MRS for patients with gliomas has increased substantially over the last decade, MRS has 
become an essential part of the clinical management of patients with HGG. Metabolic data 
obtained from MRS provides information that is useful at various stages of HGG management 
including diagnosis, treatment planning, and evaluation of response to therapy. This chapter 
outlines the basic principles of MRS, how various metabolites are altered in HGG, and the use 
of MRS in the multidisciplinary management of patients harboring these tumors. 

BACKGROUND 

By using the same basic principles as in MRI, MRS techniques provide metabolic assess- 
ments by quantifying the levels of important intracellular compounds. In order to acquire 1H 
(proton) MR spectra of these compounds, water resonance is suppressed and the area excited 
by radiofrequency pulse is limited to within the skull to prevent signal contamination from 
subcutaneous lipids. Spectra from regions of interest (ROI) may be obtained as either a single 
spectrum from each region (i.e., single-voxel MRS) or as a multidimensional array of spectra 
(i.e., magnetic resonance spectroscopic imaging [MRSI]) that is also known as chemical shift 
imaging (CSI) ( 1 ). Single-voxel techniques provide a single spectrum from a defined volume 
of tissue, and lack spatial resolution, whereas excitation and recording of a multidimensional 
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array of spectra from hundreds of smaller contiguous voxels provide significant increase in 
spatial resolution. MRSI, the most common method for acquiring spectra in multiple voxels, 
is important for HGG as these tumors are histologically heterogeneous even within the regions 
appearing uniform on anatomical imaging, and, tumor cells are often present beyond the area 
depicted on MRI ( 2 , 3 ). 

For HGG that constitute the topic of this chapter, metabolites of interest which can be 
evaluated with MRS include /V-acctyl aspartate (NAA), choline (Cho), creatine (Cre), lactate 
(Lac) and lipids. Analysis of proton MRS data entailed selection of a population of normal 
voxels (typically contralateral to the lesion), based on the absence of disease as seen on 
T2- weighted and contrast-enhanced T1 -weighted images. The Cho and NAA levels in all 
voxels were then normalized using the mean of the corresponding metabolite levels observed 
in the normal voxels, generating a unitless measure of metabolite concentrations, which could 
be compared across examinations with minimal errors from differences in coil loading. 
Alteration in their respective levels constitutes the basis of metabolic imaging of HGG. In 
addition, there are other metabolites such as glutathione and alanine, which may have increased 
levels in meningiomas ( 4 , 5 ), and mw- inositol levels are known to be higher in lower grade 
gliomas ( 6 ). NAA, which is localized in viable neurons and absent in other central nervous 
system (CNS) cells, is important for the regulation of neuronal protein and neuro transmitter 
synthesis, and myelin production ( 7 , 8 ). NAA is decreased in gliomas when compared with 
normal brain tissue . However, postradiation neuronal dysfunction may also result in decreased 
NAA levels ( 9 ). Cho and its derivatives that form the Cho peak are involved in membrane 
phospholipid metabolism. Cho levels are elevated in regions of hypercellularity and increased 
membrane turnover. In HGG, histologic heterogeneity and presence of necrotic areas may 
result in highly variable levels of Cho within the tumor ( 10 ). The Cre peak, which includes 
phosphocreatine, is indicative of cellular bioenergetic processes, and is usually reduced in 
HGG ( 11 , 12 ). Lac levels, which indicate anaerobic metabolization of glucose, may represent 
cellular breakdown, and are very low in normal brain tissue. Although nonspecific, increased 
Lac levels are often seen in HGG ( 11 , 12 ). 

USE OF MAGNETIC RESONANCE 
SPECTROSCOPY IN THE CLINICAL SETTING 

Metabolic data obtained from MRS provides information that is useful at various stages of 
HGG management including diagnosis, treatment planning, and evaluation of response to 
therapy. 

Preoperative Evaluation and Surgical Planning 

Over the past 15 yr, MRS techniques have been used to help differentiate tumor from 
normal brain in patients suspected of harboring HGG, to predict histological grade, and for 
surgical planning. Increased Cho levels and decreased NAA levels when compared with 
normal brain are general characteristics of gliomas. However, these alterations may also be 
observed in conditions where membrane turnover is increased and mature neuron populations 
are decreased. 

Although histological diagnosis is the undisputable standard for the diagnosis and grading 
of gliomas, there has been interest in using MRS to correlate metabolite levels with histologi- 
cal grade ( 13 , 14 ). In general, further variation from normal metabolite peaks is considered to 
correlate with histologically higher grades ( 15 ) (Fig. 1). The reports in the literature are 
controversial, however, and despite some promising reports, the quality of evidence is limited 
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to retrospective case series as there is no prospective report in the literature where histological 
grade was predicted based on information obtained from MRS data ( 8 , 16 - 20 ). An increased 
Cho level, in addition to higher Lac/Lip ratios, have been suggested in several of the earlier 
single-voxel studies despite histologic heterogeneity of gliomas within the same grade, as well 
as variability among various areas of individual lesions ( 17 - 19 ). Although parts of the same 
tumor may suggest different histologic grades, the overall diagnoses were based on the portion 
with the highest histologic grade. Including later studies that provided a multidimensional 
array of spectra from the ROI, a consistent finding has been high resonance in the spectral 
region of Cho and/or a low-NAA resonance which results in an increased Cho/NAA ratio 
( 1 , 6 , 8 , 19 , 20 ). 

In a patient population consisting of 49 gliomas, Li et al. ( 10 ) showed that the tumor burden 
measured with either the volumes of the metabolic abnormalities or the metabolic levels in the 
most abnormal voxels was correlated with the degree of malignancy of the tumor. The volumes 
of elevated Cho and decreased NAA were helpful for distinguishing low-grade from high- 
grade lesions, and, volume of abnormal Lac was correlated with the existence of necrosis 
and with the volume of contrast-enhancing lesions in high-grade lesions. The differences in 
the volume of abnormal Lac/Lip were also statistically significant between patients in each 
grade ( 10 ). 

In another study performed on 100 biopsy samples from 44 patients with gliomas obtained 
during open resections, the authors observed a difference among the four histological classes, 
and a subsequent pairwise comparison of data revealed differences between the Cho/NAA 
index (CNI) of the nontumorous samples and those of grades II, III and IV. No differences 
were found in the pairwise comparison of CNIs of the three grades of tumor or when the CNIs 
of the grade II tumors were contrasted with those of grades III and IV tumors combined ( 21 ). 

Although extent of resection is one of the predictors of outcome for HGG, stereotactic 
biopsy remains to be an option at the initial management of a subset of patients with HGG ( 22 ). 
For those patients undergoing stereotactic biopsies, in addition to MRI data, which is generally 
used to determine the locations to be biopsied within the tumor, information obtained from 
MRS is helpful in determining the areas that are more likely to represent tumor histology and 
might be helpful in selecting the best biopsy sites. In a study correlating metabolite levels 
measured by preoperative MRSI with histologic findings of biopsies obtained during image- 
guided resections from the same locations, the authors showed that if the metabolic abnormal- 
ity consisted of increased Cho (2 standard deviations above normal levels) and decreased NAA 
(2 standard deviations below normal levels), histologic findings of the biopsy specimen invari- 
ably was positive for tumor ( 2 ). In this study, even when the increase in Cho levels was less 
than 2 standard deviations (SD) above normal, the histologic findings were consistent with 
tumor in 85% of the cases as long as Cho was greater than NAA ( 2 ). In another study that 
correlated MRSI data with subsequent histologic analysis of biopsied tumor samples, all areas 
of confirmed tumor demonstrated significantly increased choline levels and a mean Cho/NAA 
ratio that was at least greater than 4 SD above the mean found in normal tissue ( 23 ). 

Knowing the extent of the disease is essential in planning and effectively conducting 
resective surgery on a HGG. In a study, which included 34 patients with anaplastic astrocy- 
tomas and glioblastoma multiforme, MRSI data was compared with information obtained 
from MRI ( 3 ). For both grades, although T2 estimated the region at risk of microscopic disease 
as being as much as 50% greater than by MRSI, metabolically active tumor still extended 
outside the T2 region in 88% of patients by as many as 28 mm. In addition, T1 suggested a 
lesser volume and different location of active disease compared to MRSI ( 3 ). 
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Fig. 1 . MRS images depicting the metabolic characteristics of (A) grade II, (B) grade III, and (C) grade 
IV astrocytomas. 
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McKnight et al. (21) compared MRSI data with histology results from biopsies obtained 
during surgery to evaluate the sensitivity and specificity of the Cho to NAA index (CNI), 
which is used to distinguish tumor from nontumorous tissue within the T2 hyperintense and 
contrast enhancing lesions. The authors reported that samples containing tumor were distin- 
guished from those containing a mixture of normal, edematous, gliotic, and necrotic tissue 
with 90% sensitivity and 86% specificity by using a CNI threshold of 2.5 (21). Recently, in 
a study performed on pre-radiotherapy patients with glioblastoma who had already undergone 
surgery, a significantly shorter median survival time was observed for patients with a large 
volume of CNI2 than for patients with a small CNI2 volume (12.0 and 17. 1 mo, respectively, 
p = 0.002), emphasizing the importance of volume of the postresection metabolic abnormality 
in predicting survival for patients with HGG (24). The authors’ finding in patients who will 
undergo radiotherapy is in accordance with the prognostic importance of tumor extent in 
patients with glioblastoma who will undergo chemotherapy (25). 

Intraoperative frameless neuronavigation systems are important tools in the current neuro- 
surgical treatment of brain tumors. The data set used is usually based on a preoperatively 
obtained MR scan which provides structural information about the tumor and surrounding 
brain tissue. Incorporation of MRSI data to these systems has the potential of enabling the 
surgeon to observe the extent of the metabolic abnormality and the spatial extent of the tumor. 
Another surgical implication is, despite its lesser availability, the ability to obtain real-time 
MRS data with the second and third generation intraoperative MRI systems (26). 

Adjuvant Therapy Planning 

The role of MRSI in planning adjuvant therapies is mainly based on its ability to determine 
the extent of metabolic abnormality which is often beyond the morphologic boundaries 
observed on conventional MR scans. For HGG, areas of potential use include planning of 
radiotherapy, gamma-knife radiosurgery, and brachytherapy. Increasing use of adjuvant 
therapeutic modalities that aim focal delivery at residual tumor make the need for accurate 
delineation of tumor extent more important. 

Postoperative radiotherapy is an essential part of the management of HGG. The standard 
approach of defining target volume based on the contrast enhancing area with an added 
margin does not take into account the fact that enhancement may not always correlate with 
histologic malignancy. Presence of active disease has been shown outside the enhancing 
region, in the T2-hyperintense areas and beyond (3,27). To assess the potential effect of 
MRSI on the target volumes used for radiation therapy planning for HGG, Pirzkall et al. (3) 
evaluated 34 patients with HGG by comparing areas of MRI based signal abnormalities with 
NAA and Cho levels obtained by three-demensional (3D) MRSI. Their data showed that 
metabolically active tumor may extend outside the T2 region, and, Tl-weighted MRI sug- 
gested a lesser volume and different location of active disease compared to MRSI. The 
authors concluded that the use of MRSI to define target volumes for radiotherapy planning 
would increase the volume receiving a boost dose of radiation and change its location, in 
addition to reducing the volume receiving a standard dose (3). In another study, the registra- 
tion and display of MRS data within radiotherapy planning software has been shown to be 
feasible and reproducible (28). 

The prognostic value of MRSI in planning gamma-knife radiosurgery was evaluated by 
Graves et al. (29) in a retrospective analysis on 36 recurrent malignant gliomas. In this study, 
those patients who had a gamma-knife treatment volume determined by MRI contrast enhance- 
ment with no suspected tumor pattern detected by MRSI outside the contrast enhancement had 
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a significantly better outcome than those patients who had MRSI suspected disease extending 
outside the MRI derived treatment volume ( 29 ). Specifically, for patients harboring a glioblas- 
toma, those patients with regions containing tumor-suggestive spectra outside the gamma- 
knife target had a significant increase in contrast-enhancing volume, a decrease in time to 
progression, and a reduction in survival time when compared with patients exhibiting spectral 
abnormalities restricted to the gamma-knife target ( 29 ). At our institution we are currently 
incorporating MRSI data to define treatment volumes for gamma-knife radiosurgery ( 30 ). 

Evaluation of Response to Therapy 

In order to evaluate response to therapy, MRSI data obtained from sequential examinations 
need to be directly correlated. It has been shown that accuracy of registration can be achieved 
within one to two pixels, and following translations and rotations to align the coordinate 
system from one examination to the other, the images and spectral data may be matched voxel 
by voxel ( 31 ). In addition to the increasing use of MRSI as part of the standard multimodality 
management and follow-up of patients with HGG, MRSI data is also considered for the 
evaluation of experimental therapeutic modalities such as immunogene therapy using repli- 
cation-incompetent viruses and convection enhanced delivery of immunotoxins ( 32 , 33 ). 

Although MRI is the standard imaging modality in evaluating response to therapy, the 
distinction between radiotherapy-induced necrosis and progressive tumor is not always clear. 
In a study planned to assess the use of serial 3D MRSI to analyze the dose-dependence of 
changes in metabolite ratios and time variation of individual metabolites in non-tumorous 
white matter, Lee et al. ( 34 ) reported a statistically significant rise in the Cho/NAA ratio 2 to 
6 mo after therapy in regions receiving >25 Gy, changes in the Cho/Cr ratio that were only 
significant 2 mo after therapy, a general trend toward increased Cho/Cr at higher doses, and 
no significant dose-dependence in the Cr levels. 

In one of the earlier studies using serial MRSI, Wald et al. ( 35 ) evaluated patients with 
glioblastoma after brachy therapy, and observed a significant reduction in Cho levels after 
therapy, as well as an increase in Cho levels for patients who demonstrated subsequent pro- 
gression with increased Cho in regions that previously appeared either normal or necrotic. 
Since then, the ability to distinguish recurrent tumor from radiation effects based on Cho/ 
NAA, normalized Cho, normalized NAA, and normalized Lac has been studied by several 
groups ( 36 - 40 ). Their common finding was higher Cho and lower NAA in recurrent tumor 
compared with adj acent enhancing tissue that had no histologic evidence of tumor. In addition, 
a global decrease in peak amplitudes is consistent with radiation injury without neoplasm. As 
spectral changes following radiation therapy have been shown to be transient (i.e., often 
appearing tumor-like within the first 2 to 4 mo after therapy and returning to a relatively 
normal pattern after 8 mo) both the spectral patterns and their temporal characteristics need 
to be evaluated to differentiate radiation effects from recurrent tumor ( 9 ). 

CONCLUSION 

MRS is an important adjunct in the management of patients with HGG. Its clinical use 
includes depiction of metabolically abnormal tissue to guide surgery and planning of adjuvant 
therapies, as well as evaluation of response to therapy. In the neurosurgical setting, the meta- 
bolic information obtained from MRS, combined with various pre- and intraoperative imag- 
ing techniques such as perfusion MRI ( 41 ), diffusion tensor imaging ( 42 , 43 ), and intraoperative 
MRI ( 26 ) enable the surgeon to better understand the extent of the disease and its relationship 
with various intracranial structures. 
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Imaging Tumor Biology 

Physiological and Molecular Insights 


Timothy P. L. Roberts and Andrea Kassner 


Summary 

Anatomic medical imaging offers the ability to detect and delineate brain tumors. In addition, 
emerging techniques (in particular MRI variants) offer insight into aspects of tumor physiology and 
metabolism, thus allowing characterization of tumor dysfunction, in principle, at a metabolic, cellular, 
and vascular level. This chapter will present advances in faster and higher resolution magnetic reso- 
nance spectroscopic imaging (MRSI) as aprobe of abnormal metabolism; diffusion weighted imaging 
(DWI) as a measure of tumor cellularity, and the related technique of diffusion tensor imaging (DTI) 
as a measure of structural organization; and, imaging of tumor perfusion and vascular permeability, as 
a measure of vascularity and as an approach to the study of angiogenesis. 

Key Words: MRI; MRSI; DWI; DTI. 

1. INTRODUCTION 

Anatomic medical imaging offers the ability to detect and delineate brain tumors for exam- 
ple using T2-weighted or T 1 - weighted post-gadolinium magnetic resonance imaging (MRI). 
In addition, emerging techniques (in particular MRI variants) offer insight into aspects of 
tumor physiology and metabolism, thus allowing characterization of tumor dysfunction, in 
principle, at a metabolic, cellular, and vascular level. This chapter will present advances in (1) 
faster and higher resolution magnetic resonance spectroscopic imaging (MRSI) as a probe of 
abnormal metabolism; (2) diffusion weighted imaging (DWI) as a measure of tumor cellular- 
ity, and the related technique of diffusion tensor imaging (DTI) as a measure of structural 
organization; and, (3) imaging of tumor perfusion and vascular permeability, as a measure of 
vascularity and as an approach to the study of angiogenesis. Multispectral or combinatorial 
approaches harnessing multiple physiological specificities will also be introduced. These 
physiologically specific imaging techniques will be developed in the context of tumor grading 
as well as in the monitoring of cytotoxic and tumoristatic therapies. In particular, the role of 
imaging as a marker of biological activity of anti-angiogenic therapies will be discussed as a 
potential means of elucidating the biologically effective dose and as an early indicator of 
responsiveness. Furthermore, the role of advanced imaging techniques in guiding surgical 
approaches will be presented synergistically with reference to identification of eloquent cortex 
(with functional magnetic resonance imaging, [fMRI], and magnetic source imaging, [MSI]) 
and subcortical white matter (with diffusion tensor imaging, [DTI]). Together these advances 
offer increasingly specific opportunities for diagnosis, characterization, treatment planning 
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Fig. 1 . Gliblastoma multiforme (GBM) on conventional MRI. (At) T1 -weighted axial acquisition after 
administration of 0. 1 mmol/kg Gd-based contrast agent clearly delineates tumor “rim enhancement.” 
(B) FLAIR (CSF-suppressed, T2- weighted) image at the same level demonstrates peritumoral edema 
( hyperintensity) . 


and therapy monitoring of brain tumors. Beyond physiology, however, it is clear that under- 
lying biochemical changes associated with neuro-oncology demand attention. Preliminary 
insights into the newly emerging field(s) of molecular imaging, based on optical fluorescence, 
nuclear medicine and indeed novel MRI will also be introduced with a vision of ultimately 
uniting molecular/biochemical processes and physiological descriptions at the cellular and 
vascular level into a comprehensive view of brain tumor characterization. 

PHYSIOLOGICALLY SPECIFIC IMAGING 
Conventional Magnetic Resonance Imaging 

Conventional MRI, particularly T2-weighted and fluid attenuation inversion recovery 
(FLAIR) techniques and T1 -weighted sequences with gadolinium enhancement, have proven 
highly useful in the radiological definition and localization of intracranial tumors with high 
spatial (anatomic) resolution, as well as providing the distinction between intra-axial (e.g., 
glioma) and extra-axial (e.g., meningioma) lesions (Fig. 1). However, powerful as they have 
proven, the physiological insights they shed are limited in specificity and are thus augmented 
by the emerging technologies discussed below. 

Magnetic Resonance Spectroscopy and Spectroscopic Imaging 

Abnormal tumor metabolism, with elevated cell membrane turnover and depleted neuronal 
viability may have characteristic signatures visible in the proton-MR spectrum. MRS and its 
imaging counterpart, MRSI, allow elucidation of the relative regional concentration of certain 
key metabolic products. Interest typically focuses on the relative levels of free choline-con- 
taining compounds, including phosphocholine and glycerophosphocholoine (designated Cho), 
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Fig. 2. ROI selection and the corresponding MR spectra (A,B) tumor (GBM) and (C,D) in healthy 
tissue. Whereas the healthy tissue shows clear Cho, Cr, and NAA resonances (with an NAA:Cho ratio 
of approx 1.2), the tumor shows markedly reduced NAA, elevated Cho (NAA:Cho ratio of approx 0.5) 
and the presence of a large resonance at 1.2— 1.4 ppm corresponding to “lipid and lactate (LL).” All 
spectra are acquired at 1 .5T at TE =144 ms using a PRESS sequence. Spectra represented in the right 
hand panels are derived from the region described by the green box in the corresponding images. 


which may be elevated by excessive membrane synthesis and turnover; creatine and phos- 
phocreatine (designated Cr), associated with cellular energetics; /V-acctyl aspartate (NAA, a 
signature of viable neurons); and lactate and free lipids (commonly combined as “lipid and 
lactate” because of their overlapping spectral resonances) ( 1 ) (Fig. 2). 

In MRSI, also known as CSI, individual spectra are obtained for each voxel of a two- 
dimension (2D) or three-dimensional (3D) grid covering the lesion and/or healthy control 
tissue. As such regional variation in metabolite concentration can be investigated (Fig. 3). The 
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Fig. 3. A grid of “voxels” spanning the axial brain slice each reveals local distribution of key metabo- 
lites, Cho, Cr, NAA and the abnormal presence of lipids and/or lactate. Overlaid on the T2-weighted 
FLAIR MRI one can readily appreciate the decreased peak height of the NAA resonance in the vicinity 
of the tumor in contradistinction to the contralateral hemisphere. One can also recognize the limited 
spatial resolution of the spectroscopic technique, suggesting its utility as an adjunct or complement 
to conventional imaging. 


fundamental limitation of this powerful advance is the increased length of scans, resulting in 
clinical adoption of rather low matrix or grid sizes — a typical 16x16 2D grid acquisition 
might have a scan duration of approx 4 min. 

Based on multivoxel approaches, or MRSI, it is thus possible to achieve an assessment of 
regional variations in the metabolite concentrations, by observing the relative magnitude of the 
distinct “peaks” or “resonances” at each spatial site. Quantitative approaches typically assess 
either the peak height or area under the peak and frequently control for systematic variations 
by normalization (ratio forming) to either an external reference or an internal marker (com- 
monly the local Cr resonance, which is relatively invariant, or the contralateral metabolite 
level — giving a quantitative estimation of depletion or elevation). Because such quantitative 
information is obtained over a grid of voxels it is possible to synthesize “metabolite maps” 
where the intensity of each voxel is determined by the local metabolite level (either resonance 
peak or area). Because these maps are derivable only at the low resolution of the MRSI exam, 
they are commonly overlaid on high resolution “anatomic” MRI scans (Fig. 4). 

Although there is general consensus that higher grade tumors tend to be associated with 
elevated Cho, decreased NAA, and the presence of lipid/lactate resonances, most studies find 
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Fig. 4. Parametric metabolite map of (A) /V-acetyl aspartate (NAA) and (B) “lipid and lactate” distribu- 
tion overlaid on contrast enhanced MRI, delineating a right hemispheric grade IV GBM. NAA is 
depleted in the region of the tumor, where lipid and lactate are clearly elevated (hotter colors = yellow, 
red). 


considerable overlap between tumors of different histological grades ( 1 , 2 ). This tends to 
support the role of MRSI as an adjunct to other physiologically-specific methods in non- 
invasive prediction of tumor grade. However, the utility of MRSI, or the definition of the 
“metabolic lesion” may in fact extend beyond diagnosis and may be an important contributor 
to effective treatment planning. By sensitive detection of metabolic signatures of abnormality 
(e.g., elevated Cho and decreased NAA) beyond the margins of the radiologic appearance of 
the tumor, it is speculated that the presence infiltrative tumor cells in otherwise normal appear- 
ing parenchyma can be identified. In a study of MRSI prior to gamma-knife treatment of the 
tumor, Graves et al. demonstrated that evidence of metabolic abnormality extending beyond 
the contrast enhancing margin of the tumor (used to define the radiotherapy target) was 
associated with poor treatment response ( 3 ). In a follow-up study Graves et al. demonstrated 
evidence for tumor recurrence in regions of metabolic abnormality not included in the gamma- 
knife target zone ( 4 ). These studies suggest an important role for MRSI in defining the extent 
of metabolic abnormality and in planning treatment, either radiotherapy or surgical. 

Beyond diagnosis and treatment planning, Li et al. assessed the prognostic utility of MRSI 
in predicting survival in patients with malignant gliomas ( 5 ). In addition to age and degree of 
contrast enhancement, they found that poor outcome was predicted by elevated Cho (either 
referred to Cr or to NAA), elevated lipid and lactate and low values of NNA/Cr. 

Because the utility of spatial metabolic interrogation holds significant potential promise, 
approaches to increase the speed of acquisition are being pursued to enable higher spatial 
resolution and 3D acquisitions to be achievable in clinically practical scan times. Two funda- 
mental strategies are of special interest: multi-echo acquisitions (modeled on multi-echo 
imaging, fast-spin echo, and echo-planar imaging) and parallel acquisitions using multiple 
receive RF coils and the principles of sensitivity encoding (SENSE) ( 6 ). Both are enhanced 
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by the ongoing trend towards the use of higher magnetic field strength MR scanners (espe- 
cially 3 Tesla [T] compared with the previous standard 1.5T). Multi-echo spectroscopic tech- 
niques (such as turbo spectroscopic imaging, TSI, and PEPSI) rely on the acquisition of 
multiple echoes after each RF excitation pulse ( 7 - 9 ). These echoes are required to build up the 
image matrix and thus collecting 2, 3, 5 or more per excitation pulse has a commensurate 
reduction in overall scan time. Unfortunately these approaches introduce two potential con- 
founds. First, each echo of the echo train is necessarily acquired at a different echo time (TE) 
and is thus differently T2-weighted. Furthermore, in order to achieve reasonably short echo- 
train durations, individual echo acquisitions must be constrained in time. This has a conse- 
quence in terms of the spectral resolution of the resultant spectra (spectral resolution is related 
by the Fourier transform to the inverse of the echo duration; thus a 100 ms echo acquisition 
would yield 10 Hz spectral resolution). An interesting added benefit of 3T vs 1.5T is that not 
only is overall signal-to-noise ratio increased, but also spectral separation (in Hz) between 
metabolites is increased, potentially making 10 Hz resolution “metabolic ally acceptable” at 
3T where it would fail to resolve similar metabolite resonances at lower field strengths ( 10 ). 
A second strategy to reduce acquisition times for MRSI and consequently enable higher 
spatial resolution and extended anatomic coverage is to capitalize on the recent development 
of parallel imaging approaches, using multiple RF receiver coils and the principles of SENSE 
( 6 ). By exploiting multiple receive elements, a reduction in the number of phase encoding 
steps can be achieved with commensurate reduction in scan time. Because MRSI is charac- 
terized by one additional dimension per phase encoding than analogous MRI (in which no 
spectral information is obtained), it potentially stands to benefit even more from such accel- 
eration, with “speed-up” factors of 4 or more being achievable ( 11 ). In combination with 
turbo-spin echo approaches, overall acceleration factors of 7 to 9 have been demonstrated, 
drastically reducing MRSI acquisition times and opening the door for higher resolution and 
3D application in realistic scan times ( 7 ). 

Diffusion Weighted Imaging and Diffusion Tensor Imaging 

Diffusion weighted magnetic resonance imaging (DWI) is a widely adopted technique in 
the field of cerebral ischemia. By exploiting its high sensitivity to the mobility of water 
molecules, images can be obtained which clearly delineate diffusion “restriction, or hin- 
drance” as well as “elevation, or even, facilitation.” Interpretations of the underlying causes 
of these observed changes vary, but a prevailing consensus considers dense cell packing a 
predictor of reduced diffusion, whereas vasogenic edema is associated with considerably 
elevated diffusion, when compared with normal tissues. This generalization is confounded 
further by the anisotropic diffusion of white matter (in which diffusion is different parallel and 
perpendicular to fiber bundles) (Fig. 5). 

In general, findings on DWI of intra-axial tumors have shown considerable heterogeneity 
and thereby little diagnostic utility. Cystic or necrotic regions are typically associated with 
elevated ADC because dense cellularity may lead to reduced apparent diffusion coefficient 
(ADC) values. Nonetheless, Sugahara et al. were able to demonstrate a significant correlation 
between the minimum ADC value in HGG and the histologically determined cell density (from 
light microscopic analysis of cell nucleus count) ( 12 ). Selecting the minimum ADC value as 
the dependent variable ameliorates the variation associated with intra-tumoral heterogeneity. 
However, within the population of HGG they studied, the minimum ADC value observed 
ranged from 0.82 to 2.46 x 10 -3 mm 2 /s, indicating the inter-tumor variability. Despite this 
variance, the minimum ADC value was nonetheless found to be significantly different from 
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Fig. 5. GBM. (A) Diffusion weighted image; (B) exponential diffusion weighted image (T2-normal- 
ized), and (C) synthesized map of apparent diffusion coefficient (ADC) showing heterogeneous iso-, 
hypo-, and hyper-intensity (elevated diffusion) in the necrotic core and more uniform hyperintensity in 
the peritumoral edema. 


a population of low-grade gliomas (LGG) (associated with higher values of minimum ADC). 
Thus, the property of water diffusion in tumors appears to relate to underlying cellularity and 
may be a useful constituent property in the physiological characterization of the tumor. 

Although the ADC reflects the mean diffusivity , a variant of DWI allows description of the 
directional dependence of water diffusion. That is, in certain environments (e.g. , white matter) 
there may be a preferred direction of diffusion (e.g. , along the fiber), with considerably reduced 
diffusivity in other directions (e.g., across the fiber). Directional sensitivity can be incorpo- 
rated into the DWI experiment by appropriate application of magnetic field gradient pulses. By 
performing several different DWI acquisitions, each with different directional encoding of 
diffusion, a description of the directional dependence of diffusion can be elucidated. This 
technique, known as diffusion tensor imaging (DTI) effectively leads to a voxel wise descrip- 
tion of water diffusion in terms of both directional preference and diffusion magnitude. 
Whereas equal diffusivity in all spatial directions is termed isotropic diffusion, directional 
preference is described as “anisotropic diffusion” and can be quantified by a variety of metrics, 
of which the “fractional anisotropy” (FA) is most widely encountered. In regions of high 
anisotropy, FA takes a higher value; in regions of isotropic diffusion, FA equals zero. Figure 6 
illustrates a map of fractional anisotropy, overlaid on an anatomic image. White matter regions 
are clearly depicted by high FA values, except in the region of tumor invasion (right, poste- 
rior). Based on such pixel- wise maps of fractional anisotropy and pixel-wise determination of 
the preferred direction of diffusion (known as the principal eigenvector), it is possible from 
any start point to trace a path of preferred diffusion, which is assumed to reflect the path of 
white matter fibers forming the fiber tracts. A variety of algorithms have been proposed for 
this, with fiber assignment by continuous tracking (FACT) being the currently most widely 
implemented ( 13 , 14 ). 

The clinical appreciation of DTI (and quantitative white matter fiber assessment) is emerg- 
ing in two distinct areas: first, in the distinction between infiltrative tumors (causing a loss of 
anisotropy) vs lesions where fibers are anatomically distorted or shifted, but in which anisot- 
ropy is nonetheless preserved ( 15 ) Second, the identification of peritumoral white matter fiber 
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Fig. 6. Disturbance of white matter fiber integrity by invasive GBM. (A) T2-weighted echo planar image 
demonstrates large right hemispheric parietal mass. (B) Overlaid fractional anisotropy map demon- 
strates both the anatomic distortion of fibers (in the more anterior portion of the right hemisphere 
periventricular white matter) and its infiltration and loss of anisotropy (in the more posterior portion), 
where fractional anisotropy is quantitatively reduced (represented as a departure from red towards green/ 
yellow on overlay. (C) colored map of principal eigenvector (pixel-wise preferred diffusion direction). 


tracts is a potentially valuable adjunct to the presurgical planning and intraoperative guidance 
of resective procedures ( 16 , 17 ). 

Dynamic Contrast Enhanced-Magnetic Resonance Imaging 

If dynamic MRI is performed in concert with bolus injection of gadolinium-based contrast 
media, it is possible to track the bolus as it passes through the tissues of the brain. In the context 
of tumor imaging, it is not only the first pass (perfusion-related) transit of the contrast agent 
which is of interest, but also progressive enhancement revealed over the course of the next 
3 to 5 min. Conceptually, initial enhancement will reflect the vascular fractional volume of the 
tissue (a tissue with 5% vascular volume will initially enhance 5% as much as a reference 
blood vessel containing 100% blood); any progressive enhancement, however, will relate to 
the extravasation of contrast medium from the intravascular to the interstitial space. Given the 
lack of such extravasation in the healthy brain (where contrast media cannot cross the intact 
blood-brain barrier [BBB]), such hyperpermeability can be viewed as an indicator of patho- 
logic compromise of BBB integrity. Kinetic modeling of the dynamic signal intensity vs time 
curves from tissue and a reference blood vessel (e.g., the sagittal sinus) allows interpretation 
of the dynamic data in terms of fB V and microvascular permeability, directly ( 18 - 20 ). Because 
this analysis can be performed on a pixel-by-pixel basis, it is possible to generate parameter 
maps or pseudo-images, where image intensity relates to the physiological parameter of 
interest (fBV or Kps) (Fig. 7). 

Studies have demonstrated the superior distinction between tumors of various grade by the 
adoption of such measures of microvascular permeability (Fig. 8), over consideration of rela- 
tive blood volume alone ( 19 ). Flowever , assessment of microvascular permeability is not only 
useful for grading tumors, but should also be taken in context of emerging evidence that 
microvascular permeability elevation may be an indicator of the process of angiogenesis and 
thus may be a sensitive marker of the process of anti-angiogenesis via new generations of 
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Fig. 7. Characterization of the microvasculature in a grade IV GBM. Dynamic contrast enhanced MRI 
can be modeled to yield pixel-wise estimates of (A) fractional blood volume and (B) microvascular 
permeability in this axial slice through a patient with a right parietal lesion. In this example, while fB V 
does not show marked tumor delineation, a rim of hyperintensity on the Kps map clearly identifies a 
peripheral zone of tumor characterized by high microvascular permeability. 



Fig. 8. (A) In patients with glioma, estimates of microvascular permeability showed a significant cor- 
relation with tumor grade (r = 0.7) ( 20 ). (B) In an experimental rodent model of human glioma (U87), 
a significant reduction in microvascular permeability was observed in the group undergoing treatment 
with Avastin™, a monoclonal antibody to vascular endothelial growth factor ( 21 ). 


pharmaceutical, such as Avastin™ (Genentech Inc., South San Francisco, CA) ( 21 ). Such 
agents which may indirectly reduce tumor growth rate rather than killing tumor cells directly 
demand an effective indicator of biological efficacy, such as quantitative assessment of 
microvascular permeability reduction, as traditional endpoints may no longer be appropriate. 
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Fig. 9. (A) Multispectral analyses using imaging methods with different physiological specificities 
allow identification of tissue types and subtypes by their clustering in multidimensional space. In this 
example tissues can be distinguished based on their location in a 2D plane, the axes of which are defined 
by the apparent diffusion coefficient and fractional blood volume. Other axes from which this 2D 
projection was obtained include microvascular permeability and metabolic abnormality (defined as the 
ratio of Cho/NAA). (B) Gold standard assessments of tissue classification were obtained by invasive 
tissue sampling (resection/biopsy) guided by intraoperative neuronavigation ( 47 ). 


3. MULTISPECTRAL ANALYSES AND MULTIMODAL INTEGRATION 

Whereas the above described emerging imaging technologies offer tantalizing glimpses of 
physiological specificity and clear clinical utility, a comprehensive tissue characterization 
may require description at the metabolic, cellular, and vascular level. Consequently, much 
effort is being devoted to the appropriate combination of results from such physiologically 
specific imaging approaches in methods described variously as “cluster analysis,” “factor 
analysis,” or “multispectral approaches.” These offer the possibility of identifying features or 
“physiological phenotypes” that distinguish tissues, characterize heterogeneity within lesions, 
and yield the most specificity in determining prognosis and treatment response. Figure 9 
illustrates an example of multispectral image analysis in which different tissues types, over- 
lapping in one physiological dimension, can be separated by their clustering pattern in the 
appropriate multidimensional space (in this example a 2D space defined by apparent diffusion 
coefficient and fractional blood volume). Gold standard tissue classification, based on radio- 
logic assessment, is augmented by image guided biopsy and resection procedures in which the 
site of tissue sampling is identified on 3D anatomic MRI at the time of the surgical procedure 
via a neuronavigational workstation. 

Taken together, the currently available techniques of spectroscopic imaging, DWI and 
perfusion/permeability imaging offer an increased level of physiological specificity for the 
characterization of brain tumors, offering utility at the diagnostic and prognostic levels as well 
as offering biologically-specific indicators for the stratification, selection, targeting, and 
monitoring of therapy. Flowever, emerging pharmaceutical approaches and oncologic under- 
standing suggest the importance of the consideration of brain tumors not only at the physi- 
ological level, but also at the subcellular and genetic levels. Newly emerging is the field of 
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molecular imaging, offering yet further specificity and promising to be an imaging partner to 
the rapid developments and understanding in cancer biology at the cellular, molecular, and 
genetic level. The remainder of this chapter will introduce the general principles and outlook 
for the field of molecular imaging as it applies to basic and clinical science. 

MOLECULAR IMAGING 

Molecular imaging (MI) is emerging as a new tool and enables the in vivo characterization 
and measurement of biological processes at the cellular and molecular level ( 22 ). The aims of 
this field are to noninvasively characterize and quantify molecular changes associated with 
disease instead of imaging the resulting morphological changes. For example, molecular 
changes in cancer occur several years before a mass becomes visible. Molecular imaging 
therefore provides the potential for earlier characterization of disease, better understanding of 
the biology and evaluation of treatment response. 

Imaging and quantifying biological processes in vivo is very challenging and requires the 
following key elements: (1) specific and sensitive site-targeted probes, (2) amplification strat- 
egies to enhance the signal of the probe, and (3) imaging systems with high spatial resolution 
and sensitivity including optical, nuclear, and MRI ( 22 ). 

Imaging Targets and Amplification Strategies 

Potential molecular imaging targets include DNA and mRNA sequences or proteins. Imag- 
ing DNA sequences in cells is challenging because the number of copies per cell is very small 
and the DNA is supercoiled and hidden deep within the cell nucleus. Imaging the message of 
a gene via mRNA or, preferably, a protein is therefore much more feasible ( 23 ) as it uses 
natural biochemical flows of genetic information via transcription of the DNA into mRNA and 
translation of the mRNA into the protein (Fig. 10). Proteins can be targeted by their structure 
or their function. Proteins are either localized intracellularly, on the cell membrane, or secreted 
into the extracellular space and can be detected at any of these locations. Finally, the whole 
cell can be labeled, either by means of specific markers on the cell membrane or by uptake of 
the probe into the cell. 

Once a target is found, a substance (ligand) that binds to it has to be identified. Ligands must 
have the ability to reach the target at sufficient concentration and sufficient length of time to 
be detectable in vivo. Flowever, rapid excretion, nonspecific binding, metabolism, and deliv- 
ery barriers hinder this process and must be overcome. Furthermore, any unbound ligands 
have to be eliminated in order to minimize background noise — a critical issue for in vivo MI. 
To date, a number of chemical and biological amplification strategies have been developed 
to facilitate molecular imaging at the protein level ( 22 ). 

Imaging Systems for Molecular Imaging 

Molecular information can be obtained with some but not all of the available imaging 
modalities (Fig. 11). The most commonly used modalities are optical, nuclear, and MRI. 
Although optical methods are very powerful and allow imaging of molecular processes in an 
inexpensive way, their clinical application is limited because the optical imaging is surface 
weighted and has limited penetration depth and resolution. However, niche applications for 
clinical use may emerge when coupled with endoscopic technology such as catheter based 
lenses. For clinical purposes, techniques of nuclear medicine (positron emission tomography 
[PET] and single photon emission computed tomography [SPECT]) and MRI are the most 
promising modalities. 
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Fig. 10. Potential molecular imaging targets can be at the DNA, RNA, or protein level. 



Fig. 11. Current imaging modalities used for anatomical, physiological, and molecular imaging. 


Optical Imaging 

Optical imaging exploits absorption, emission, scattering, and fluorescent techniques but 
it is fluorescence and luminescence that are particularly useful for in vivo studies (24). Fluores- 
cence is a physical process and requires electromagnetic stimulation (use of an external light 
source). A fluorochrome is activated by a specific excitation wavelength to emit light at a lower 
wavelength. Tissue penetration of photons is maximized in the near-infrared (NIR) spectrum; 
therefore, NIR fluorochromes are frequently used. Amplification of the signal is usually 
obtained by accumulation or by activation of smart, or biochemically-activated, probes. In 
order to externally image and follow the natural course or impediment of tumor progression, 
the use of green fluorescent protein (GFP) — originally extracted from the jellyfish ( Aequorea 
victoria ) — has proven to be very useful (25 ). However, a major drawback of GFP is the fact 
that its emission wavelength (510 nm) is close to the autofluorescence of many tissues which 
causes significant background signals (25,26). This is one of the reasons that GFP with 
redshifted emission have been engineered (27). More recently, a new red fluorescent protein 
that emits light at 583 nm has been isolated from tropical corals (28). Luminescence, on the 
other hand, does not require a light source but arises from the conversion of chemical energy 
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Fig. 12. Fluorescence imaging: enzyme activity in a 9L glioma model in a live mouse. The image is 
superimposed onto an MRI image. Reproduced with permission from ref. 25. 



Fig. 13. Bioluminescence imaging: migration of luciferase-labeled neural progenitor cells across the 
brain midline attracted by a contralaterally implanted glioma. Reproduced with from ref. 25. 


to light. Luminescence occurring in living organisms is referred to as bioluminescence. It is 
an energy (i.e., ATP-) dependent biological process, where light is generated by oxidation of 
luciferin by luciferase, the former being the substrate and the latter being the catalyzing 
enzyme. Cells expressing the luciferase gene luminesce upon the addition of luciferin, a 
process that is less harmful for cells than the electromagnetic stimulation used to detect GFP. 
Although the light produced is extremely weak, a light-tight chamber allows imaging of the 
bioluminescence ( 28 , 29 ). An excellent overview of in vivo optical imaging is provided by 
Frostig ( 30 ). In general, optical imaging approaches using fluorescent proteins and biolu- 
minescence are prevalent in biological imaging and are commonly used to track cells (including 
stem and tumor cells) and to act as gene reporters in a wide variety of systems ( 31 , 32 ). Figure 12 
shows an example of fluorescence imaging using a cathepsin B-activatable probe in a 9L 
glioma model. Figure 13 shows an example of bioluminescence. 

Nuclear Imaging 

Nuclear imaging techniques including PET and SPECT use radiolabeled tracers to image 
interactions of biological processes in vivo. These techniques have a lower spatial resolution 
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Fig. 14. Glioma: Post-contrast Tl-weighted MRI image shows alteration of BBB and extent of 
peritumoral edema. [18F] FDG shows increased glucose consumption, [ 1 1C] MET shows increased 
activity of membrane transporters for amino acid and [18F] FLT for nucleosides. Reprinted with per- 
mission from ref. 33 . 


than MRI (typically several mm for PET compared with approx 1 mm for MRI), but are 
inherently quantitative and highly sensitive. Picomolar concentration of isotopes can be 
detected with no depth limit but with only little anatomical information, making combinations 
with CT or MRI very useful. The newly commercialized combination of PET and CT is 
becoming widespread in the clinical setting, allowing anatomic registration of functional PET 
data, as well as attenuation correction for improved quantitative interpretation of the PET data. 
PET and SPECT are currently the most advanced methods to image molecular events in 
patients, and indeed several molecular imaging probes are already under evaluation in 
clinical trials. 

For PET, positron-emitting isotopes are produced in a cyclotron. They are used to label 
small molecules, recognized by enzymes, receptors, or other targets. Depending on the radio- 
tracer used, various molecular processes can be visualized, most of them relating to increased 
cell proliferation in tumors. 18F-fluorodeoxy glucose (FDG), a glucose analog, is the most 
widely used tracer molecule for PET imaging to detect metabolic active tumors. Cancer cells 
have high uptake and metabolism rate of glucose and, hence, FDG. This up-regulation is an 
early event during malignant transformation and, importantly, precedes anatomical changes. 
This is therefore of potential value in early diagnosis and staging of cancer. However, because 
some tumors show hypo- or isometabolism in 18F FDG PET, more specific radiotracers 
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Fig. 15. Extent of vector-mediated gene expression in [ 124 I] FIAU-PET 1 h and 68 h post-injection. 
Tumor showed signs of necrosis after 68 h post-injection. Reprinted with from ref. 35 . 


are required such as methyl-[l lC]-L-Methionine (MET) and 3'-deoxy-3'-[18F] fluoro-L- 
thymidine (FLT) to image increased activity of membrane transporters for amino acid and 
nucleosides, respectively ( 33 ). An example of increased cell proliferation in a glioma using 
multitracer PET imaging is shown in Fig. 14. 

PET has also been applied to study multidrug resistance, apoptosis (programmed cell 
death), and gene expression. To study gene expression with PET, the herpes simplex virus type 
1 thymidine kinase (HSV-l-tk) has been used as a marker gene ( 34 ). HSV-l-tk isotopes 
analogs are phosphorylated by the viral kinase and then trapped within the cell. The accumu- 
lation of activity is therefore an indicator of HSV-l-tk presence and thus successful transfec- 
tion. In clinical gene therapy trials for recurrent glioblastomas, transduction of HS V- 1 -tk gene 
with subsequent prodrug activation by ganciclovir was found to be safe. PET with 1-124- 
labeled 2'-fluoro-2’-deoxy-lb-D-arabino-furanosyl-5-iodo-uracil ([ 124 I]-FIAU) — a specific 
marker substrate for gene expression of HSV-l-tk — was used to identify the location, mag- 
nitude, and extent of vector-mediated HSV-l-tk gene expression in a phase I/II clinical trial 
of gene therapy for recurrent glioblastoma in five patients. The extent of HSV-l-tk gene 
expression seemed to predict the therapeutic response ( 35 ). Figure 15 shows FIAU PET in a 
glioma before and after vector application. 
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SPECT utilizes gamma-emitting isotopes, which are usually cheaper and have a longer 
half-live than positron-emitting isotopes used for PET imaging. The resolution of PET is still 
superior, but new developments in image requisition and software are trying to improve the 
resolution. With SPECT, several isotopes can be imaged simultaneously, providing multipa- 
rameter measurements. SPECT has been used to track molecules or cells such as radio-labeled 
annexin-V to image apoptosis or tumor-specific peptides in vivo ( 36 ). Preliminary reports 
show that SPECT imaging might play a role as a surrogate marker after chemotherapy as well. 

Magnetic Resonance Imaging 

MRI is emerging as a particularly advantageous modality for MI because of its high spatial 
resolution (when compared with PET and SPECT), very good sample penetration (when 
compared with optical imaging methods), it’s widespread clinical availability, and lack of 
ionizing radiation. A tremendous drawback, however, is its low sensitivity compared with 
these other methods, which necessitates the development of powerful amplification strategies. 
MR contrast agents that could serve as potential bases for molecular imaging probes are in 
clinical use but specific derivatives for molecular imaging have not yet been approved ( 23 ). 
In general, MR contrast agents are designed to shorten the relaxation times of the tissue of 
interest and therefore increase the relaxation rates ( 37 ). There are two major classes of MR 
contrast agents; paramagnetic contrast agents which are designed to predominantly affect 
T1 and thus tend to provide increased MR signal and supeiparamagnetic agents and agents 
designed to predominantly shorten T2 and T2* relaxation times and thereby decrease signal 
on appropriately weighted MR imaging sequences. In both cases, the potency of a contrast 
agent is commonly expressed as relaxivity and is typically measured relative to the paramag- 
netic or superparamagnetic ion concentration, such as gadolinium or iron (with units of mmol/ 
s). For targeted contrast agents, however, the relaxivity per particle is more useful for com- 
paring the contrast agent effect per binding site. In current development, there are two main 
strategies for MRI-suitable contrast media for molecular imaging; those based on iron oxide 
and those using nanoparticles or emulsions which incorporate gadolinium ions. These will be 
briefly elaborated explained below. 

Molecular Imaging With Iron Oxides 

Ultrasmall superparamagnetic iron oxides (USPIO) are potent MRI contrast agents. The 
iron produces strong local disruptions in the magnetic field which leads to increased T2* 
relaxation. This increased relaxation causes decreased image intensity in areas with iron oxide 
accumulation (also known as susceptibility artifacts). Because of the extremely large change 
in MRI signal induced by superparamagnetic particles, they offer a potential solution to the 
problem of MR insensitivity, and have been developed for a wide variety of contrast agent 
applications, including imaging vasculature, bowel, liver, spleen, lymphatics, tumors, and 
stem cell therapy ( 38 - 40 ). In particular, dextran-coated USPIO particles with a 15- to-25-nm 
diameter have a very long circulating half-life and are preferentially taken up by macrophages 
and the reticuloendothelial system (RES) in the body. This uptake allows them to be employed 
for passive targeted imaging of pathological inflammatory processes, such as unstable athero- 
sclerotic plaques ( 41 ). Another passive targeted imaging study by Stiskal et al. compared two 
candidate iron oxide particles for the sensitive detection of radiation induced liver injury in 
an experimental model. Results showed readily visualizable damage to the RES system ( 42 ). 
Dextran-coated USPIOs are also employed for single cell imaging ( 43 ). Although MR reso- 
lutions are rarely comparable with cell dimensions, these complexes distort the magnetic field 
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Fig. 16. (A) T1 -weighted image showing vx-2 tumor. Yellow overlay indicates signal enhancement 
(along periphery proximate to tumor/blood vessel interfaces) 1 20 min post injection. (B) Corresponding 
histology of tumor with H+E as well as av(33 staining. Black arrows show formation of small angiogenic 
vessels along periphery near tumor/blood vessel interface. Reprinted with permission from ref. 46 . 


far beyond their boundaries of the cell, thus massively amplifying signal on T2*-weighted 
images. However, for significant signal change, many USPIO particles need to be within an 
imaging voxel. Recently, a paper by Shapiro et al. demonstrated that single micrometer- sized 
iron oxide particles (MPIOs) could be detected in individual cells ( 44 ). This should open 
numerous future possibilities for cellular imaging using MRI. 

Molecular Imaging With Paramagnetic Nanoparticles 

Nanoparticles can be formulated to carry paramagnetic gadolinium ions and targeted to a 
number of important biochemical epitopes, such as av(33-integrin — an important marker of 
angiogenesis (new vessel formation) and an essential component of tumor growth and spread. 
The av(33-integrin plays a critical role in smooth muscle cell migration and cellular adhesion, 
both of which are required for the formation of new blood vessels. The integrin is expressed 
on the luminal surface of activated endothelial cells but not on mature quiescent cells ( 45 ). In 
a recent paper by Winter et al., the utility of av(33-integrin targeted nanoparticles for the 
detection and characterization of angiogenesis associated with tumor growth was demon- 
strated in a Vx-2 tumor model (Fig. 16) ( 46 ). 

SUMMARY 

In summary, techniques of physiologically specific imaging offer characterization of tumors 
at a metabolic, cellular, and vascular level. In current clinical practice these techniques offer 
utility for diagnosis, prognosis, treatment selection and planning, as well as therapy monitor- 
ing. However, the field of cancer biology is advancing rapidly and demands on imaging are 
increasing commensurately , such that a requirement for not only imaging physiology but also 
imaging in vivo biochemical processes is apparent. The emerging technologies, described as 
“molecular imaging” offer a promising and powerful array of tools to visualize disease pro- 
cesses and therapeutic responses at the sub-cellular and molecular level. Although still in their 
infancy, molecular imaging techniques are evolving rapidly and progressing towards the 
clinic. It seems likely that the resulting capabilities of this technological evolution will shape 
the field of diagnostic and therapeutic neuro-oncology for years to come. 
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Nuclear Imaging of Gliomas 
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Mark Muzi, and Kristin Swanson 


Summary 

This chapter reviews nuclear imaging of gliomas, both high- and low-grade, with emphasis on 
results from positron emission tomography (PET) with [F-18]-2-fluoro-2-deoxyglucose (FDG) for 
assessing energy metabolism. There are many additional advances beyond FDG-PET that are very 
exciting and potentially applicable in the management of gliomas. Biosynthesis in tumors occurs along 
several important broad fronts for DNA, proteins, and membrane lipids. Molecular imaging of these 
pathways is coming to the foreground. Hypoxia, a significant resistance mechanism that compromises 
the efficacy of radiotherapy and chemotherapy, can now be regionally quantified in vivo with PET. In 
the near future it is likely that the presence of mutant receptors, apoptosis, and angiogenesis will also 
be measurable with PET and new tracers. 

Key Words: Brain tumor; glioma; PET; FDG; fluoromisonidazole; amino acids; thymidine; 
FLT; proliferation; acetate. 


INTRODUCTION 

Positron emission tomography (PET) provides the opportunity to image multiple dynamic 
biological processes in situ in brain tumors. [F-18]-2-fluoro-2-deoxyglucose (FDG) has been 
the most widely used tracer for nuclear imaging of gliomas, but this field is rapidly advancing 
and other processes aside from energy metabolism are being increasingly investigated. Imag- 
ing pathophysiology in vivo requires an understanding of the biology of tumors and their host 
organs at a molecular level. Knowledge gained from the test tube, tissue culture dish, or the 
microchip can be applied by nuclear imaging to whole tumors, host organs, and even multiple 
organ systems both simultaneously and quantitatively. PET is assuming an increasingly 
important role in the design of cancer treatments as well as monitoring the results earlier and 
more reliably. 

The current standard noninvasive imaging procedures, X-ray computed tomography (CT) 
and magnetic resonance imaging (MRI), provide excellent anatomical precision and sensitiv- 
ity. Unfortunately, their specificity in distinguishing neoplastic disease from vascular or 
inflammatory processes can be problematic in individual cases. Treatment effects including 
surgical trauma, corticosteroid-induced reduction of edema and contrast enhancement, and 
radionecrosis cannot always reliably be distinguished from tumor recurrence or response to 
therapy. As gliomas grow and infiltrate the normal cellular milieu, tumor cell density relative 
to the normal elements increases. T2 and fluid attenuated inversion recovery (FFAIR) mag- 
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Table 1 


Metabolic Processes and Most Commonly Used Tracers To Study Them 


Function 

Tracers 

Energy metabolism 

[F- 1 8] -2-fluoro-2-deoxyglucose (FDG) 
l-[C-ll]glucose 

[0-15]0 2 , [0-15]H,0, [0-15]C0 

Amino acid transport and incorporation 

L-methyl-[C-l 1] methionine (MET) 
l-[C- 1 l]tyrosine 
l- [F- 1 8 ] fluorotyrosine 
l-[C- 1 l]leucine 

DNA synthesis 

2- [C- 1 1 ] thymidine 
methyl-[C-l l]thymidine 
[F-18]-3'deoxy-3'-fhiorothymidine (FLT) 

Membrane/lipid biosynthesis 

1-[C-1 1] acetate 
[C-l l]choline 
[F-18]fluorocholine 

Hypoxia 

[F-18]fluoromisonidazole (FMISO) 


netic resonance imaging (MRI) very ably define the margins of this advancing wave of pathol- 
ogy, but within a given abnormal volume the ratio of tumor to normal elements is not well 
defined. Magnetic resonance spectroscopy can profile some of the main chemical constituents 
of tumor and normal tissue but has limitations as does PET in that the volume of resolution 
is large relative to that provided by conventional MRI. As our understanding of pathology 
becomes increasingly molecular, especially in the brain where tissue sampling in vivo carries 
significant risks, it is imperative that we develop methods for measuring molecular pathologic 
processes as they progress over time. PET adds this capability to our clinical and research 
armamentarium. MRI and CT cannot estimate growth rate in a single setting whereas PET can 
provide quantitative measures of this with tracers of DNA, protein or membrane biosynthesis. 

There are several uses for PET. For some of these our current experience is reasonably 
mature whereas for others more research is necessary (1). 

1. Detection. 

2. Delineating tumors from non-neoplastic processes. 

3. Grading and prognosis. 

4. Localizing the optimum site for biopsy. 

5. Distinguishing radionecrosis from recurrence. 

6. Assessing response to therapy. 

7. Predicting malignant degeneration in low-grade glioma (LGG). 

8. Distinguishing high grade glioma (HGG)from LGG in MRI T1 gadolinium (Gd) nonenhanc- 
ing tumors. 

9. Designing therapy. 

The main functions and tracers studied thus far with PET in gliomas are shown in Table 1. 

ENERGY METABOLISM: [F-18]FLUORODEOXYGLUCOSE (FDG) 

Glucose metabolism begins with transport from the serum to cells and continues through the 
process of phosphorylation catalyzed by hexokinase (HK), one of the most important enzymes 
controlling the rate of glucose utilization (Fig. 1). The product, glucose-6-phosphate (G6P) 
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Fig. 1. The chief pathways followed by glucose intracellularly. Production of lactate in gliomas is 
increased, whereas in normal brain oxidation of glucose via the tricarboxylic acid cycle predominates. 
G6P, glucose-6-phosphate; 6PG, 6-phosphogluconic acid; R5P, ribose-5-phosphate; RNA, ribose 
nucleic acid; DNA, deoxyribose nucleic acid; Acetyl-CoA, acetyl coenzyme A; TCA, tricarboxylic acid 
cycle. 


is the starting compound for glycogen synthesis, for the Embden-Meyerhof pathway (EMP) 
leading to lactate (glycolysis) or to pyruvate and entry to the tricarboxylic acid (TCA) cycle, 
and for the pentose shunt. Although malignant brain tumor tissue may show a respiratory 
quotient as low as 0.70, indicating some use of nonglucose substrates such as fatty acids or 
amino acids for energy, glucose is the chief source of energy ( 2 ). 

PET imaging with FDG is based on the fact that FDG, similar to glucose, is transported 
across the blood-brain barrier (BBB) and cell membranes and is phosphorylated by hexoki- 
nase to FDG-6-phosphate (FDG6P), which accumulates in tissues at a rate proportional to the 
rate of glucose utilization. FDG6P is not metabolized further along the glucose metabolic 
pathways, but is slowly dephosphorylated in the brain. FDG and glucose differ in their rates 
of transport and phosphorylation and respective volumes of distribution in brain or tumor 
tissue. This has been investigated and reported in detail but will not be reviewed here where 
emphasis will be on FDG ( 3 ). 


Grading and Prognosis 

Di Chiro and co workers pioneered the application of FDG-PET to gliomas ( 4 - 6 ). HGG 
contained regions of high FDG uptake and lower grade gliomas lacked these regions (Fig. 2). 
In patients with grade III or IV astrocytic gliomas, FDG uptake correlated with survival ( 7 ). 
Patients with ratios of tumor to contralateral normal brain glucose utilization greater than 1.4:1 
had a median survival of 5 mo whereas patients with ratios of less than 1.4: 1 showed median 
survival of 19 mo. The optimal cutoff levels for distinguishing EGG from HGG have been 
reported as 0.6 for the tumor-to-cortex (T/C) ratio and 1.5 for tumor-to-white matter (T/WM) 
ratio ( 8 ). The sensitivity and specificity were 94 and 77%, respectively. The results of most 
other investigators of gliomas with FDG-PET agree ( 9 ). 

EGG present several diagnostic and management problems. Fesions that appear on MRI or 
CT scans to be low grade by virtue of lacking contrast enhancement or being calcified may 
remain apparently dormant for years or may progress to malignant behavior at unpredictable 
times in the future. Opinions vary widely about when to operate, irradiate, or treat with 
chemotherapy. These treatments, especially surgery and radiotherapy, carry significant risks 
of permanent neurological impairment. At presentation, when the MRI or CT scan shows no 
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Fig. 2. (A) LGG of the left thalamus with FDG uptake < normal white matter. (B) Intermediate-grade 
lesion of the right posterior white matter; FDG uptake is > normal white matter but < normal cortex. (C) 
HGG of the corpus callosum with FDG uptake > normal cortex. 


enhancement to raise suspicion of anaplastic disease, the clinician does not want simply to 
observe and follow a malignant tumor delaying treatment that could control progression or 
even provide a response. On the other hand, causing neurological deficits by needlessly 
overtreating low-grade tumors is to be avoided if possible. Although MRI and CT cannot 
distinguish nonenhancing grade III or IV lesions from grade II, this may be possible with 
physiological imaging. Patients that have biopsy-proven LGG and FDG uptake in the tumor 
that is greater than white matter are at higher risk for progression and death than patients whose 
tumors show no areas of uptake greater than white matter ( 10 ). 

Localizing the Optimum Site for Biopsy 

Many authors have presented convincing data and arguments that support the practice of 
selecting biopsy sites where the uptake of FDG is maximum to provide sampling of the most 
malignant areas of tumors (Fig. 3) ( 11 - 13 ). 

Dexamethasone Effect and Surgical Trauma 

Steroid therapy does not appear to influence FDG uptake in recurrent anaplastic astrocy- 
tomas (AA) ( 14 ). This was shown in five patients studied with FDG-PET before and after 
radiotherapy. In five nontumor-bearing patients following temporal lobectomy for epilepsy, 
no effect on FDG uptake from the surgical trauma was seen. 

Radionecrosis vs Recurrence 

From several recent series the sensitivity of FDG-PET for distinguishing recurrence of 
glioma from radionecrosis is typically 81 to 86%, although some results are higher, up to 
100% ( 15 - 19 ). Specificity is problematic in that estimates range from 22 to 92% ( 16 , 17 , 19 ). 
The results of Ricci et al. are instructive. There were 31 patients suspected of harboring a 
recurrence in which the pathology was positive in 22 and negative in 9. With the cutoff of FDG 
uptake greater than normal white matter, the sensitivity was 86% and the specificity only 22% 
(positive predictive value, 73%; negative predictive value, 40%). With the cutoff greater than 
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FDG 


Fig. 3. Forty-six-year-old woman with a right parietal WHO grade II oligodendroglioma. The first 
biopsy attempt was too far posterior and was not diagnostic of tumor. The second biopsy ( white arrow) 
directed by the FDG-PET proved the glioma diagnosis. Reprinted with permission from ref. 130. 


cortex the sensitivity was 73% and specificity 56% (positive predictive value, 80%; negative 
predictive value, 45%). Patients with irradiated malignant gliomas whose FDG-PET scans are 
hypometabolic consistent with radionecrosis may show in biopsy or resection specimens 
viable-appearing tumor cells that are incapable of proliferation. Also, a high percentage of 
post-treatment gliomas may be necrotic, as viewed by the pathologist or PET imaging special- 
ist, but the tumor may still harbor viable cells that later lead to recurrence. 

Assessing Response to Therapy 

An important question with implications for clinical practice is whether changes in glucose 
metabolism are a reliable predictor of the response of malignant gliomas to therapeutic inter- 
ventions. Successful radiotherapy (RT) of a tumor would be expected to kill tumor cells and 
cause a reduction of metabolism measured with FDG. That is, tumors that responded to 
treatment would show reduced metabolism and conversely, tumors that did not respond would 
show unchanged or increased metabolism. This hypothesis has been tested in patients scanned 
quantitatively with FDG within 2 wk pre- (Pre-RT) and/or 1 to 3 wk post-RT ( 20 , 21 ). The 
results unexpectedly showed that an increase in metabolism, measured with FDG, from the 
beginning to end of RT correlated with longer survival whereas a decrease in metabolism was 
associated with shorter survival (Fig. 4). 

Similar results, but involving chemotherapy, were reported for patients with recurrent glio- 
blastoma studied with quantitative FDG-PET before and after a single cycle of l,3-bis-(2- 
chloroethyl)-l -nitrosourea (BCNU) ( 22 ). Following stereotactic radiosurgery (24-32 Gy) in 
a series of 19 tumors (mostly metastatic), Maruyama et al. reported that all but one of the 
tumors showed an increased uptake of FDG compared with Pre-RT levels ( 23 ). This corre- 
lated with a decrease in the size of the tumors seen at later follow-up with CT or MRI. 
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Survival (mos) 

Fig. 4. These Kaplan Meier plots show survival results for 14 patients scanned with FDG both before 
and after RT. The patients were ranked from greatest to least value of the ratio of post-RT MRFDG over 
the pre-RT MRFDG and then split in two groups, higher 50% vs lower 50%. Survival was compared 
between the two groups. Two patients still alive were censored. The graphs show that an increase in 
metabolic rate from before to after RT correlates with longer survival. 


How therapy could lead to increased metabolism and relatively better outcome is suggested 
from chemotherapy and radiotherapy experiments on tumor cultures and animal tumors ( 24 - 
28 ). Increased transport has been considered one explanation. Infiltration of dead and dying 
tumor regions with metabolically active inflammatory elements has been reported following 
radiotherapy in rats bearing hepatomas implanted in the thigh ( 29 , 30 ). This could occur in 
responding gliomas and appear in the volume seen by PET as increased metabolism. Another 
speculative explanation is energy consumption for apoptosis ( 31 , 32 ). Lastly, an additional 
potential explanation is that therapy destroys tumor cells leading to an uncrowding effect that 
allows more active metabolism in surviving normal elements (i.e., within a volume of tissue 
the ratio and density of normal cells to tumor cells improves), leading to increased regional 
metabolism. 

Another way to measure response to therapy is to assess metabolism at a single time follow- 
ing the intervention and hypothesize that longer survival correlates with lower metabolism. In 
26 glioma cases from the study cited above, MRFDG measured shortly after RT did not 
correlate with survival (Fig. 5) ( 20 ). Although no prior studies have systematically and quan- 
titatively examined the immediate post-RT time to correlate metabolic rate with outcome, 
examination of FDG uptake of malignant gliomas specifically at the time of clinical and/or 
radiographic recurrence has proven to be a significant predictor of survival ( 33 ). 

In sum, multiple investigations have shown that high MRFDG preceeding treatment sig- 
nifies more aggressive disease and shorter survival. Greater volume of FDG uptake likewise 
is associated with shorter survival ( 34 ). Comparisons of pre-treatment to post-treatment 
measurements for radio- or chemotherapy for primary or metastatic brain tumors have shown 
that increases in MRFDG correlate with longer, not shorter, survival. Lastly, immediate post- 
RT quantitative PET with FDG does not correlate with length of survival, whereas FDG 
uptake at the time of clinical and MRI determined recurrence does correlate with shorter 
survival. 

Thus, for prognosis and grading before initial treatment or at recurrence, FDG-PET is 
clinically useful ( 33 , 35 , 36 ). For assessing response by pre- to post-treatment comparisons, 
there appears to be limited clinical usefulness. FDG-PET is not clinically useful for assessing 
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MRFDG Post-RT (pmol/100g/min) 

Fig. 5. This regression graph shows the data from studies performed on patients within 2-3 wk after RT 
( n = 26). There was no correlation between the post-RT MRFDG and survival. 


response to radio- or chemotherapy immediately after the treatment is completed which is the 
time when it would be most helpful to clinicians to know whether a treatment has succeeded 
or not. 

Therapy Planning 

Conventional conformal RT for malignant gliomas consists of 1.8 to 2.0 Gy fractions that 
total around 60 Gy. Despite these doses, nearly inevitably there are in-field recurrences, pro- 
gression and death. Doses as high as 70 to 90 Gy have been studied with the goal of providing 
better results than 60 Gy ( 37 - 40 ). There was no improvement in survival or local control, and 
recurrences developed in the volumes that received the high doses ( 38 ). Metabolic imaging 
with FDG-PET has been used to define the optimal volume in malignant gliomas for high-dose 
boost RT ( 34 , 41 ). Patients received 59.4 Gy in 33 fractions followed by an additional 20 Gy 
in 10 fractions directed at the FDG-PET defined volume of hypermetabolism plus a 0.5-cm 
margin. The median survival for 40 patients enrolled in this trial preliminarily is about 70 wk. 
Thus far, the study has shown no more radiation toxicity than would be expected from standard 
dosing. This pilot study shows that experimental radiotherapy protocols based on PET images 
are feasible and could in the future be designed to target regions of hypoxia, proliferation, 
protein synthesis or membrane biosynthesis. 

OXYGEN METABOLISM AND BLOOD FLOW: 

[0-15]0 2 , [0-15]H 2 0, [0-15]CO 

Oxygen metabolic rate (MR0 2 ), cerebral blood flow (CBF), oxygen extraction fraction 
(OEF), and cerebral blood volume (CBV) in malignant gliomas have all been examined by 
several groups ( 2 , 42 - 46 ). Among these studies there is consistency in showing that oxygen 
utilization is low relative to normal cortex despite an adequate supply of oxygen, at least 
macroscopic ally (i.e., there are adequate blood flow and blood oxygen levels to meet the 
metabolic demands of the tumors). Wise et al. in particular noted that both MR0 2 and 
OEF tend to be lower in malignant gliomas suggesting the tissue is not macroscopically 
ischemic ( 46 ). 
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Table 2 

CBF, MR0 2 and OEF From Glioma and Contralateral Cortex ( 44 ) 


Function (units) 

Tumor 

Contralateral cortex 

CBF (mL/100 mL/min) 

MR0 2 (mL/100 mL/min) 

OEF ’ 

32 ±9 

1.2 ±0.6 

0.21 ±0.07 

32 ±5 

2.8 ±0.5 

0.47 ±0.05 


Table 2 shows data from seven patients with intermediate- or high-grade gliomas that 
illustrate the parameters relevant to oxygen metabolism ( 44 ). Note that blood flow in the 
tumors is the same as in uninvolved brain whereas MR0 2 and OEF are roughly half. 

The utilization of oxygen relative to that of glucose, namely the metabolic ratio, is reduced 
in malignant gliomas ( 44 , 45 ). In normal brain the metabolic ratio is 5.2 moles of oxygen per 
mole of glucose whereas in gliomas it is 1.9 ( 44 , 47 ). A lower than normal metabolic ratio 
indicates that the tissue is breaking down glucose to lactate (glycolysis) and that nonoxidative 
metabolism of glucose is occurring. In the face of adequate blood flow and reduced oxygen 
extraction in tumors, the reduced metabolic ratio indicates that glycolysis is occurring under 
aerobic rather than anaerobic conditions ( 2 ). 

Measurements of oxygen metabolism with PET in gliomas have not been as clinically 
useful as glucose measurements simply because the dominant energy source, glucose, under- 
goes glycolysis to lactate rather than oxidative breakdown. Measurements of glucose metabo- 
lism with FDG, therefore, have been more revealing of tumor tissue energetics than oxygen 
measurements. 

HYPOXIA: [F-18JFLUOROMISONIDAZOLE (FMISO) 

Although oxygen metabolism in gliomas differs from that in normal brain, the lack of 
oxygen, known as hypoxia, appears to be an important factor in determining glioma aggres- 
siveness and response to therapy. It has been documented in several types of cancers that low- 
oxygen tension levels are associated with persistent tumor following RT and with the 
subsequent development of local recurrences ( 48 - 50 ). In gliomas, spontaneous necrosis sug- 
gests the presence of hypoxic regions that are radioresistant. Rampling et al. proved, by 
measurements with polarographic electrodes, that glioblastomas contain hypoxic regions 
( 51 ). The percent p0 2 values <2.5 mmFIg were between 10 and 69% with a median of 40%. 
In patients with AA the percent p0 2 values <2.5 mmHg were betweem 9 and 42 with a median 
of 20%. 

The significance of hypoxia in the response of gliomas to radiotherapy has not been clari- 
fied completely. Treatment approaches based on eradication of hypoxic cell populations with 
radiotherapy have been either unsuccessful as reported for hypoxic cell radiosensitizers 
( 52 - 54 ) or have been too toxic as reported following fast neutron therapy ( 55 ). 

In the mid 1980s it was discovered that someradiosensitizing drugs (e.g., misonidazole) are 
selectively bound to molecules in viable hypoxic cells in vitro and in vivo ( 56 , 57 ). This has 
led to the development of [F-18]fluoromisonidazole (FMISO) as a hypoxia imaging agent 
with PET ( 58 ). The partition coefficient is essentially unity so the tracer is not retained in non- 
hypoxic tissues such as brain. 

Reports of FMISO-PET imaging of gliomas are emerging ( 59 - 61 ). Fiu et al. reported that 
FMISO was taken up in 14 of 18 brain tumors. Scott’s group studied 13 newly diagnosed 
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MRITIGd FDG (30-60 min) FMISO (120-140 min) 


Fig. 6. Twenty-eight-year-old woman with a recurrent left frontotemporal malignant pleomorphic 
xanthoastrocytoma. MRI TIGd (left), FDG (middle) and FMISO (right) images are co-registered. The 
patterns of FDG and FMISO uptake are distinctly different in both tumor and uninvolved brain. The 
region of irregular central necrosis is nearly the same in the FDG and FMISO images. Reprinted with 
permission from ref. 130. 


patients prior to surgery with both FMISO- and FDG-PET ( 60 ). There was a correlation 
between FMISO uptake and tumor grade, and all high-grade lesions showed uptake that was 
frequently heterogeneous. There was some, but not complete, overlap between regions of 
FMISO uptake and FDG uptake. An example shown in Fig. 6 demonstrates heterogenous 
uptake that does not show conformity to the FDG region of uptake in these co-registered 
images. 

Swanson et al. studied four glioma patients with FMISO-PET before, during, and after 
radiotherapy. There was an average decrease in MRI detectable tumor volumes (-28%) with 
aconcurrent average increase in FMISO-positive hypoxic volumes (+10%) suggesting that the 
two imaging modalities provide distinctly different information in the assessment of radio- 
therapy response ( 62 ). 

These studies in aggregate show significant promise for FMISO-PET in gliomas but need 
to be extended to a larger patient population and examined at additional time points throughout 
the clinical course. Identifying the regional distribution of hypoxia may improve planning of 
resections and allow targeting higher doses of radiotherapy more precisely to the hypoxic 
areas. 


AMINO ACID TRANSPORT AND INCORPORATION: 

[C- 11] METHIONINE (C-ll-MET), [F-18]FLUOROTYROSINE (F-18-TYR), 

[F- 1 8] FLUOROETHYL-L-TYROSINE (F-18-FET), [C-ll]TYROSINE (C-ll-TYR) 

The goal of PET imaging with labeled amino acids is to assess the protein synthetic process 
in growing tumors ( 63 ). Most of the amino acids used for PET are transported by the L 
system. This has been documented by competition studies with other amino acids that use the 
same transporter ( 64 ). Where the BBB is impaired, the exchange of amino acids can partially 
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bypass the transporter in the capillary wall. Intracellularly, amino acids for protein synthesis 
come either from the extracellular pool to which PET tracers contribute or from the intracel- 
lular recycling of proteins ( 65 ). As a result, PET with amino acids measures transport plus 
amino acid incorporation and does not assess that fraction of protein synthesis that includes 
endogenous recycling ( 66 ). Depending on the particular amino acid, there are additional 
biochemical pathways leading in several directions for production of hormones, neurotrans- 
mitters, purines, pyrimidines and many other biomolecules. Incorporation in these nonpro- 
tein products cannot be distinguished from protein synthesis with PET. This is particularly 
true for methionine, which contributes via transmethylation reactions to several nonprotein 
products, as well as for tyrosine that is incorporated into dihydroxyphenylalanine. Degrada- 
tion pathways for amino acids are similarly complicated. Consequently, the development of 
PET with amino acid tracers has had to deal with these complexities in the design and 
validation of mathematical models, tracer selection, and metabolite analysis ( 63 , 67 - 70 ). 
Quantification of protein synthesis is more complicated than quantification of glucose metab- 
olism with FDG. 

Transport contributes significantly to the uptake of amino acids in gliomas ( 69 ). In 15 
patients studied with dynamic PET with L-2-[F-18]fluorotyrosine (F-18-TYR), there was a 
greater uptake in tumors than contralateral brain, but this resulted from a doubling of the 
transport rate, not the rate of incorporation into intracellular constituents. This increased 
transport did not correlate with Ga-68-ethylene-diamine tetraaacetic acid (EDTA) accumu- 
lation so that it was not due to breakdown of the BBB. 

Whereas the goal of measuring protein synthesis rates with labeled amino acids has been 
complicated by the dominance of transport and the alternate biochemical directions that 
amino acids may follow, there are many observations in a large number of studies that have 
elevated the status of methionine and tyrosine in the PET arena. Amino acid uptake in normal 
brain is low relative to FDG uptake so that the tumor to normal tissue contrast is better with 
amino acid imaging than with FDG. It is especially interesting that the uptake of methionine 
in lesions lacking breakdown of the BBB suggests that there is upregulation of the transport 
process across the capillary wall (Fig. 7). This by itself is an interesting pathophysiological 
marker of the growth and metabolism of neoplasia. Particularly in the case of methionine, the 
distribution through several biosynthetic processes, including phospholipid synthesis, pro- 
vides a broad measure of tumor growth. PCNA staining of histology specimens to assess 
proliferation correlated with methionine uptake in one study ( 71 ). In contrast, the relation- 
ship between C-l 1-TYR-PET measurements of protein synthesis and expression of Ki-67 
antigen to assess proliferation and nucleolar organizer regions (NORs) to assess protein 
synthesis in paraffin sections has been reported ( 72 ). Protein synthesis rates ranged from 0.44 
to 1.99 nmol/mL/min, Ki-67 ranged from 0.9 to 33.5 and AgNOR area ranged from 0. 13 to 
0.85 mm 2 /cm 2 . In this small group of patients there were no correlations among these mea- 
surements. 


Detection 

In a report of 50 cases, PET with [C-l ljmethionine (MET-PET) showed accumulation in 
31 of 32 HGG (97% sensitivity) and 1 1 of 18 LGG (61%) ( 73 )\ sensitivity as high as 98% has 
been published ( 74 ). Correlation between biopsy specimens and C- 1 1 -TYR-PET showed that 
PET detected the presence of tumor in 20 of 22 primary or recurrent lesions for a sensitivity 
of 9 1 % ( 75 ). Compared with C- 1 1 -MET, 0 - 67 - [F- 1 8]fluoroethyl)-L-tyrosine (F- 1 8-FET) PET 
findings in brain tumors are similar ( 76 ). 
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Fig. 7. A 15-yr-old boy presented with a large left frontoinsular tumor, without gadolinium uptake on 
MRI {upper 3 images). The diagnosis obtained from biopsy was that of an anaplastic oligodendroglioma. 
The C- 11 -MET pattern {lower 3 images) is that of an extremely hypermetabolic and heterogeneous 
lesion. The patient died 6 mo after the PET study, despite radiotherapy and chemotherapy. Adapted with 
permission from ref. 131 . 


Grading and Prognosis 

In an early study of 22 patients with gliomas, C-l 1-MET uptake was measured by a ratio 
of tumor to contralateral healthy brain and correlated with pathology grade (77). For grade II 
gliomas ( n = 5) the ratio was 1.0, grade III ( n = 5) 1.7 and grade IV (n = 12) 2.3. Despite the 
small numbers, the differences between II and III, and II and IV were significant, but not 
between III and IV. Another report showed that tumor-to-mean cortical uptake (T/MCU) less 
than 2. 1 was associated with survival greater than 5 yr whereas greater than 2. 1 was associated 
with survival of 8 mo (78). Other small studies of varied histological types of gliomas have 
shown the rate of uptake of C-l 1-MET in HGG to be significantly higher than in LGG but 
evaluation of malignancy in individual cases by MET-PET alone has been difficult (71,73). 
Interestingly, C- 1 1 -MET uptake has been found to be greater in grade III oligodendroglioma 
than grade III astrocytoma, although the prognosis is generally better for oligodendroglioma 
than for astrocytic tumors (74). In grade II lesions C-l 1-MET uptake was greater in untreated 
oligodendroglioma ( n - 6) than astrocytoma (n - 31) or oligoastrocytoma (n - 1 4) (79). One 
has to know both the histology and PET result for more complete grading and prognostication. 
For example, World Health Organization (WHO) grade II gliomas with a ratio of tumor/ 
normal brain greater than 2.2 were associated with poor outcome; for WHO grade III gliomas 
with a ratio greater than 2.8 there was a poor outcome (74). 
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How well MET-PET or FDG-PET predict malignant degeneration in LGG was examined 
in a study confined to a group of patients who had WHO II fibrillary astrocytoma (80). 
Thirteen patients received radiotherapy and seventeen did not. The T/C ratios for MET-PET 
and FDG-PET were no different between the groups at 94 mo, an interval during which 
malignant progression would have been expected. Malignant progression occurred at the 
same rate in both patient groups (3 in each group) at a mean postoperative interval of 46 mo. 
This suggests that malignant progression is not suppressed or enhanced by adjuvant RT in this 
patient group. Malignant recurrences showed higher T/C ratios than recurrences that were not 
malignant. 


DNA BIOSYNTHESIS: 2- [C- 1 1] THYMIDINE (TDR), 

[F- 1 8] 3 DEOXY-3 '-FLUOROTHYMIDINE (FLT) 

The most direct measure of tumor proliferation is the rate of DNA synthesis (81-83). Of 
the four nucleosides used in DNA synthesis, only thymidine (TdR) is used in DNA and not 
RNA; therefore most tracer approaches for measuring proliferation have used a labeled form 
of TdR or an analog (81,83-85). 

The application of cellular proliferation imaging to brain tumors is supported by several 
investigations that examined the 5-phase fraction (SPF) in series of astrocytic gliomas and 
established that there is a significant correlation between labeling index (LI) and histological 
grade (86-89). Glioblastoma SPF averages about 8%, AA 4%, and low grade between 1 and 
2%, with normal brain at or close to 0% (88,89). Consequently, tracers of DNA synthesis 
potentially provide high contrast between tumor and normal brain in proportion to the grade 
and proliferation rate. Following RT the Lis in gliomas fall by roughly 50% such that cellular 
proliferation imaging may reliably measure response to treatment early after the intervention 
(88,90). 

The metabolic pathways traced by TdR and [F-18]-3'deoxy-3'-fluorothymidine (FLT), the 
chief analog of TdR used in PET, are illustrated in Fig. 8. Circulating TdR, extrinsic to the cell, 
is taken up and incorporated into DNA via the exogenous or salvage pathway. TdR enters cells 
by facilitated, nonenergy dependent transporters as well as active, Na+-dependent carriers 
(91,92). Whereas TdR delivery from the blood to the cell is rapid in most somatic tissues, 
limited transport of TdR across the BBB makes transport a potentially rate limiting step in brain 
tumor imaging (93,94). 

Once inside the cell, TdR is phosphorylated three times to TdR tri-phosphate (TTP) before 
being incorporated into DNA (81). The initial rate limiting step is phosphorylation by thymi- 
dine kinase- 1 ( TK1 ), a cytosolic enzyme, to thymidine monophosphate (TMP). This supple- 
ments the production of TMP via the de novo pathway from deoxyuridine monophosphate 
catalyzed by thymidylate synthase. The ultimate rate-limiting step is the incorporation of TTP 
into DNA by DNA polymerase (81,95). TK1 is upregulated several-fold as cells pass from G 1 
to the 5-phase of the cell cycle (96) so that retention of exogenous TdR tracers in the pathway 
to DNA synthesis largely reflects the activity of TK1. In the cell the salvage pathway competes 
with de novo synthesis from intracellular deoxyuridine, and therefore the rate of TdR uptake 
is affected by the relative utilization of the salvage and de novo pathways (81,95). Tumors 
wherein the de novo pathway dominates DNA synthesis may be poorly imaged with PET 
tracers that are limited to following the salvage pathway (97). 

Thymidine labeling with C- 1 1 in either the methyl or 2-position produced the earliest PET 
tracers for imaging cellular proliferation ( 98-101 ). The use of these tracers is complicated by 
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Fig. 8. The metabolic pathways followed intracellularly by thymidine leading to incorporation in DNA 
and by FLT through phosphorylation steps in the exogenous (salvage) pathway. PET images measure 
tracer uptake via the exogenous pathway. 


rapid metabolism, yielding [C-11]-C0 2 from 2-[C-ll]-TdR and other labeled metabolites 
from methyl-[C-l l]TdR (102). The large pools of thymidine phosphorylase (TP) present in 
blood, liver, and spleen rapidly degrade TdR in vivo. This limits the incorporation of TdR into 
DNA and produces a large pool of labeled blood metabolites. 

Images can be produced semi-quantitatively by injecting these tracers intravenously and 
collecting the emission data in the field of view of the PET scanner for up to 60 min ( 103- 
105). The signal in the PET images includes not only the radioactivity of TdR bound in the 
DNA synthetic pathway but also the labeled unmetabolized TdR in the tumor plus that in the 
blood as well as circulating labeled metabolites, especially [C- 1 1]-C0 2 , some of which reenter 
the brain and tumor. The image as such is a composite of the bound TdR in the DNA synthetic 
pathway plus labeled precursor TdR and metabolic byproducts that contaminate the image. 
Importantly, this approach also does not distinguish the proportion of labeled unmetabolized 
TdR in the tissue that accumulates as a result of transport via a disrupted BBB vs the proportion 
that actually enters and binds in the DNA synthesis pathway. 

Despite these confounding issues, a limited number of patient studies collected in this 
manner have been reported. Early on, Vander Borght et al. imaged 13 glioma-bearing patients 
with 2-[C-l l]-TdR ( 105). There were 10 high-grade and 3 low-grade, as well as 8 untreated 
and 5 recurrent tumors. They were imaged for 60 min but metabolites were not measured. The 
tumor-to-cortex uptake ratio was 1.27 ± 0.23 (standard deviation [SD]). However, no corre- 
lation was found between TdR uptake and tumor grade. 

We have since developed and validated [C-l l]-TdR labeled in the ring-2 position building 
on the work of Vander Borght (103,105). The dominant metabolic product carrying the label 
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Fig. 9. Compartmental model for kinetics of [C-l 1]-C0 2 and 2-[C- 11 (-thymidine. 



MRI TIGd 


Summed TdR 


TdR Flux 

(Mixture Analysis) 


Fig. 10. 2- [C- 1 1 ]TdR images of a patient with a recurrent right frontal glioma. The MRI T 1 Gd(A) shows 
distinct contrast. The summed TdR image (B) shows uptake in the tumor but also shows the effect of 
metabolite uptake degrading the image. The TdR Flux (mixture analysis) image (C) shows the focus 
most clearly in the posterior aspect of the resection cavity. Reprinted with permission from ref. 103 . 


is [C-11]-C0 2 . This requires [C-11]-C0 2 injections and imaging prior to the injections of 
2-[C-ll]-TdR (103). Blood metabolite analysis and kinetic modeling of dynamic plasma 
concentrations as well as imaging data are necessary to separate the contributions of [C-l 1]- 
TdR and [C-l 1]-C0 2 in the images. Analysis of the plasma and tissue kinetics of the [C-l 1]- 
C0 2 and 2-[C-l l]-TdR data combined with compartmental modeling yields parameters from 
which a flux constant for exchange of TdR into DNA can be calculated as follows (Fig. 9): 

thymidine flux constant = /£ TdR = A h • k 3t /(k 2t + k 3t ) 

In this formulation, K [llR represents retention of [C- 1 l]-TdR into the DNA synthetic path- 
way and K u represents transport of [C-l l]-TdR from blood to the intracellular space that may 
in largely result from disruption of the BBB. 
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Fig. 11. MRI TIGd, summed [C-l 1]-C0 2 and [C-ll]-TdR images from a recurrent anaplastic mixed 
glioma with corresponding tissue time-activity curves below representing the tissue dynamic PET data 
in the tumor region of interest (ROI) and whole brain ROI. [C-l 1]-C0 2 was injected at t = 0 min and 
[C- 1 1 ] -TdR was injected at t = 85 min. The initial peaks are from the [C- 1 1 ]-C0 2 injection and the second 
peaks are due to the injection of [C-ll]-TdR. These data were analyzed with the model shown in 
Fig. 9. Reprinted with permission from ref. 108 . 


Examination of the summed image collected from 20 to 60 min after injection of 2-[C-l 1]- 
TdR (Fig. 10B) shows high background in the normal cortex, most likely on the basis of 
[C- 1 1]-C0 2 that has accumulated from TdR metabolism elsewhere in the body. The image in 
Fig. 10C demonstrates the application of the kinetic model and mixture analysis to the dynamic 
TdR images and is an image of TdR flux, which indicates the rate of TdR incorporation into 
DNA with the model correction for labeled metabolites (106,107). Comparison between the 
TdR summed and TdR flux images from mixture analysis (Fig. 10B vs 10C) shows the 
suppression of normal brain background and significant enhancement of tumor contrast in 
the calculated image, resulting in much better definition of the tumor. 

More recently, detailed kinetic analysis of 2-[C-ll]-TdR PET images in a group of 20 
patients with a broad range of brain tumors was reported (94,108). Validation of the modeling 
approach was achieved in that PET studies with sequential injections of [C- 1 1]-C0 2 followed 
by 2-[C-l l]-TdR provided dynamic images that allowed mathematical modeling (Fig. 9) to 
estimate i«f TdR (retention) and K u (transport) with standard errors between 1 0 and 15%, respec- 
tively (94). An example of the images and type of dynamic data are shown in Fig. 1 1. This 
patient had a recurrent right parietal anaplastic mixed glioma. For tumor, AT xdR (retention) and 
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Fig. 12. Thymidine retention against tumor grade for untreated tumors (A) and tumor grade and treat- 
ment status (B). Reprinted with permission from ref. 108 . 


K u (transport) were 0.059 and 0.081 mL/min/g respectively and for whole brain 0.016 and 
0.01 1 mL/min/g respectively. 

In the whole population of patients there was an association between transport (K lr ) and 
contrast-enhancement on MRI TIGd in the expected direction of increased TdR transport into 
the tumors with contrast enhancement as an indication of BBB damage ( p < 0.001). There was 
overlap between the estimated retention (/f XdR ) for contrast enhancing and nonenhancing 
lesions which suggested that the flux constant was indeed measuring retention, not simply 
reflecting transport. TdR retention in untreated tumors (low grade, n - 9; high grade, n - 3) 
was significantly greater in the high-grade vs low-grade tumors despite low-population num- 
bers ( p < 0.02) (Fig. 12A). Previously treated patients with high-grade tumors tended to show 
lower TdR retention than those not yet treated, the lack of significance likely a result of the 
small number of cases (untreated, n = 3; treated, n = 4) {p > 0.2) (Fig. 12B). Also, there was 
no significant difference between patients with low-grade tumors that had received or had not 
received treatment (p > 0.7) (Fig. 12B). 

One patient was scanned four times over the course of tumor progression and treatment. The 
time course of changes in 7f TdR and K u are shown in Fig. 13. The tumor was a mixed grade II 
glioma at the time of the first scan when the model estimated a low level of retention. At the 
time of the second scan, MRI suggested that the tumor had transformed into a high-grade 
lesion, and the TdR retention (/f TdR ) was also much higher. Partial resection confirmed a mixed 
grade III glioma. After treatment with both radiotherapy and chemotherapy (third scan), the 
model estimated a lower retention level, corresponding with residual contrast enhancement 
on MRI and a clinical course suggesting treated, but viable, tumor. One year later the patient 
was clinically well but had increased contrast enhancement on MRI, leading to the clinical 
question of active tumor vs radionecrosis. The kinetic analysis showed a decreased retention 
and increased transport rates, suggesting radionecrosis. The patient did well for 1 yr without 
additional treatment or evidence of tumor progression. 
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Fig. 13. Estimated flux constants and transport rates for a single patient scanned 4 times over the course 
of tumor progression and treatment: Oct-97, grade II mixed glioma diagnosed by biopsy; Oct-98, 
transformed to grade III followed by surgery, chemotherapy and radiotherapy; Sep-99, after therapy 
when retention and transport both were reduced; and Oct-OO, increased contrast enhancement on MRI 
raising question of active tumor versus radionecrosis, but the kinetic analysis showed a decreased 
retention and increased transport rates consistent with a radionecrotic effect. Reprinted with permission 
from ref. 108 . 


[F- 1 8] FLUORO-L-THYMIDINE (FLT) 

An alternate approach to imaging brain tumor cellular proliferation is to label TdR analogs 
with F-18 that are resistant to degradation by TP. This eliminates the background of labeled 
metabolites and provides a longer lived and more convenient tracer ( 109). The leading com- 
pound for this is [F-18]-fluoro-L-thymidine (FLT) (110,111 ). FLT is a selective substrate for 
TK1 which is used for nuclear DNA replication, but only goes as far as the triphosphate along 
the DNA synthesis pathway shown in Fig. 8. FLT undergoes relatively little degradation after 
injection aside from production of the glucuronide in the liver. TP in the blood does not break 
it down. However, as with TdR the uptake of FLT is restricted by the BBB. 

Several studies of tumors exposed in vitro to FLT have validated that its uptake correlates 
positively with TK1 activity in cycling cells ( 97,112). A study of the short-term metabolic fate 
of FLT in the DNA salvage pathway in exponentially growing A549 tumor cells has provided 
additional validation of the usefulness of FLT for imaging cellular proliferation (113). TK1 
activity produced FLT-monophosphate (FLT-MP), which dominated the labeled nucleotide 
pool. Subsequent phosphorylations led to FLT-triphosphate (FLT-TP) that comprised about 
30% of the metabolic pool after 1 h. A putative deoxynucleotidase (dNT), which degrades 
FLT-MP to FLT, provided the primary mechanism for tracer efflux from cells. In contrast, 
FLT-TP was resistant to degradation and highly retained. 

The mathematical model describing the uptake of FLT is much simpler than that for TdR 
(Fig. 9) because the only metabolite in the plasma that needs to be measured is the glucuronide 
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Fig. 14. Two-compartment, 4 rate constant model for kinetics of FLT. 


Table 3 


FLT Modeling Results on the Patient shown in Fig. 1 5 



PreRT 

PostRT 

Parameter 

Right frontal tumor 

Right frontal tumor 

ROI volume of t uptake (cc) 

19.0 

33.8 

Tumor volume encompassed by t uptake (cc) 

48.4 

73.9 

Flux (mL/min/g) 

0.027 

0.015 

K1 (mL/min/g) 

0.066 

0.059 


(Fig. 14). Similar to TdR, retention of FLT is reflected in the flux constant, AT flt , and transport 

l n ^MFLT : 

Flux constant = kp IT = K WhT ■ k 3FFF / (^ 2 flt + k 3FLX ) 

Few brain tumor cases have been studied with FLT-PET. Sloan and coworkers reported 29 
patients with gliomas at presentation or recurrence ( 114-116). Tracer uptake was quantified 
as standard uptake value (SUV) which equals the tissue concentration of tracer normalized to 
the injected dose of tracer and body weight (i.e., SUV = tissue concentration of tracer/injected 
tracer dose/body weight). The value of the pixel in the image with the highest SUV is the 
SUVmax. From their results SUVmax of FLT correlated with tumor grade and MIB-1 
immunolabeling for proliferation. SUVmax in normal brain was 0.32; LLG between 0.49 and 
0.79; intermediate grade between 0.85- and 1.46; and FIGG between 2.04 and 3.90. Uptake in 
areas of radionecrosis was low with SUVmax < 1.0. FLT uptake was seen exclusively in areas 
that showed contrast enhancement in MRI images (116). These investigators also reported that 
brain tumor tissue biopsied shortly after FLT injection contained the labeled species largely 
in the form of phosphorylated FLT (114). 

Our preliminary work is illustrated in Table 3 and Figs. 15 and 16. In Table 3 and Fig. 15 
the data and images are shown for a 67-yr-old man who had a bicentric gliosarcoma of the right 
frontal and temporal lobes. The right temporal lesion was resected and the frontal lesion was 
left untouched. FLT images were obtained both 2.5 wk before and 2.5 wk after 63 Gy of 
fractionated external beam RT. The /f FLT before RT for the frontal lesion was 0.030 mL/min/g 
and the tumor volume encompassed by increased FLT uptake was 48.4 cc. The images taken 
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Pre-RT MRI Tl+Gd Pre-RT FLT (15-60m) Post-RT MRI Tl+Gd Post-RT FLT (15-60m) 

Fig. 15. Sixty-five-year-old man with a bicentric gliosarcoma in the right temporal lobe (resected) and 
the right frontal lobe (unresected). Labels under the images identify their sources and times. 



MRIT1 MRITIGd MRI FLAIR FLT-PET 


Fig. 16. Sixty-one-year-old man who had a bifrontal AA. The MRI T1 and TIGd show there was no 
contrast enhancement (i.e., no detectable breakdown of the BBB). The FLAIR image shows abnormality 
in the deep medial left frontal lobe. Other slices showed similar findings in the right frontal lobe. The 
FLT image shows no detectable uptake even though the microscopic examination of the tumor showed 
a MIB-1 labeling level of 10%. 


after RT show that the volume had decidedly increased assessed by MRI TIGd and the FLT 
volumes (73.9 cc), consistent with tumor progression by conventional standards ( 117). How- 
ever, the K v]:v was roughly halved after RT (0.0 17 mL/min/g) suggesting that growth rate had 
been reduced by the RT but not by enough to stabilize or shrink the tumor volume. The FLT- 
PET images clearly show an additional dimension to assessing response to therapy achievable 
by this approach. With additional therapy the patient survived a total of 10 mo from diagnosis. 

Another illustrative case is shown in Fig. 16. This 61 -yr-old man had a bifrontal AA that 
completely lacked contrast enhancement on MRI TIGd at the time of clinical presentation; 
biopsy preceeded the FLT-PET by 20 d. The MIB-1 labeling level was 10%. The point here 
is that this malignant glioma had a high MIB-1 level but no breakdown of the BBB and little, 
if any, uptake of FLT. The tumor and brain /f 1FLT levels were 0.006 and 0.01 1 mL/min/g, 
respectively, whereas the /f FLX flux constants were 0.003 mL/min/g. These numbers suggest 
very low transport into tumor and brain. Obviously, the essentially equal flux constants suggest 
but likely do not indicate that tumor and brain had the same proliferation rates since the tumor 
MIB-1 was 10%. 
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Acetate (5-25 min) FDG (30-60 min) 


Fig. 17. Thirty-nine-year-old women with a recurrent AA of the right frontoparietal region. The tumor 
to normal brain uptake is much better for the l-[C-ll]acetate than for the FDG. The tumor 1-[C- 
1 1 1 acetate SUV is 2.6 and the brain 1.0. SUV is (tissue concentration of tracer)/(injected tracer dose/ 
body weight). Reprinted with permission from ref. 130 . 


MEMBRANE BIOSYNTHESIS: [C-l 1] ACETATE, 

[C-l 1] CHOLINE, OR [F-18JFLUOROCHOLINE 

The rationale for imaging membrane and lipid biosynthesis is that tumor growth requires 
both of these processes in parallel with DNA and protein synthesis. Studies of growth in 
additional dimensions may reveal clinically important biological insights. The tracers appro- 
priate for this include 1-[C-1 1] acetate, [C-l ljcholine, or [F-18]fluorocholine. These will 
likely show retention in tumor tissue but not by gray matter, an important advantage over FDG 
(Fig. 17). For 1-[C-1 1] acetate, in particular, in nontumor regions of brain, C-l 1 will egress 
quickly as C0 2 via the tricarboxylic acid cycle. 

1-[C-1 1] Acetate may be selectively taken up by glioma cells, because exogenous acetate 
is preferentially metabolized by astrocytes in the central nervous system and the uptake in 
astrocytes is by a carrier similar to the monocarboxylic acid transporter ( 118 ). Transport 
across the BBB should be less problematic with 1-[C-1 1] acetate than with FLT, [C-l l]TdR 
or amino acid tracers because the brain uptake index of acetate is higher than for these other 
compounds ( 93 , 119 ). Further supporting the application of PET with 1-[C-1 1] acetate are the 
data of Yoshimoto and coworkers who measured uptake of 1- [C-l 4] acetate in vitro in four 
tumor cell lines and fibroblasts and showed a positive correlation between C- 14 accumulation 
and growth estimated with [H-3]methyl TdR ( 120 ). 

Several studies in humans support the potential for 1-[C-1 l]acetate-PET in gliomas. Liu 
and others reported 14 gliomas (4 low grade, 10 high grade) imaged with 1-[C-1 ljacetate in 
13 of which acetate uptake was higher than in gray matter ( 121 ). In a second study, there was 
“intense” uptake of 1 -[C-l ljacetate in 18 of 25 brain tumors ( 59 ). Although these studies in 
aggregate show significant promise for 1-[C- 1 ljacetate in gliomas, they obviously need to be 
extended to a larger patient population and conducted with more rigorous quantitative meth- 
ods at important decision-making points in the patient’s clinical course. 
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[C-l ljcholine or [F-18]fluorochoIine are alternative tracers that are being evaluated for 
lipid/membrane biosynthesis; early results in brain tumors have been encouraging ( 122-125). 
However, Yoshimoto et al. have shown in uptake studies in cultured human tumors and fibro- 
blasts that acetate distributes mainly in the lipid fraction whereas choline is converted to water- 
soluble metabolites (126). Choline uptake could reflect choline transporter and/or choline 
kinase activity rather than lipid/membrane biosynthesis (126). 

CONCLUSIONS AND FUTURE DIRECTIONS 

PET provides the opportunity to image multiple dynamic biological processes in situ in 
brain tumors. Energy metabolism and amino acid transport and incorporation are important 
components of the pathophysiology of gliomas about which molecular imaging is providing 
regional biological information that is useful in clinical practice. Imaging hypoxia is straight- 
forward and proliferation imaging with FLT shows significant promise. Neither has been 
exploited thoroughly enough to allow judgment of their potential benefit to the practice of 
neuro-oncology. Whereas cell division is the most distinguishing function of growth in tumors, 
probing membrane biosynthesis with PET and 1-[C-1 ljacetate or a choline tracer may yield 
information as helpful as protein or DNA synthesis. Because astrocytic gliomas frequently 
carry epidermal growth factor receptor mutations at a frequency that is related to grade, a PET 
tracer specific for this mutated receptor could be useful for grading and prognosis (127). 
Methods for imaging angiogenesis are being developed as F- 18-labeling of a cyclic RGD- 
containing glycopeptide, cyclo(-Arg- Gly-Asp-D-Phe-Lys(sugar amino acid)-), with 4- 
n/Vrophcnyl 2-[F-18]fluoropropionate has been reported (128). [F- 18] -labeled annexin V is 
being tested as a new PET agent for quantitating tumor cell death and predicting response to 
therapy. Annexin V binds to surface membranes that have exposed phosphatidyl serine resi- 
dues resulting from programmed cell destruction. Recently, a Tc-99m-labeled derivative has 
been shown to accumulate in late stage lung cancer and lymphoma in response to chemo- 
therapy (129). As molecular pathways leading to and sustaining neoplasia become better 
understood, so will our capacity improve to measure them in vivo and intervene to the patient’ s 
advantage. 
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Summary 

Magnetoencephalography (MEG) combined with high-resolution magnetic resonance imaging 
(MRI) provides valuable insight into the dichotomy of structure and function. Information may be 
obtained quickly and noninvasively. Decisions may then be made prior to surgery regarding safety of 
surgical resection and/or determining the optimal surgical corridor. MEG and magnetic source imaging 
(MSI) may allow for maximum tumor resection and limit postoperative morbidity. In the future, MEG 
may be combined with other functional studies, such as fMRI, to provide a more complete picture of 
the brain’s function relative to its anatomy. 

Key Words: Magnetic source imaging; functional neurosurgery; image guided surgery; fMRI. 

INTRODUCTION 

Magnetoencephalography (MEG) is a noninvasive modality that is useful for the evaluation 
of brain function ( 1 - 5 ). By combining the anatomic information of high-resolution magnetic 
resonance imaging (MRI) to the functional data of MEG, a high-resolution, case-by-case map 
of brain function with respect to anatomy may be obtained. This is referred to as magnetic 
source imaging (MSI). MSI is useful in neurosurgical practice when preoperative planning is 
dependent upon the accurate determination of the location of functional or regions of elo- 
quence ( 6 ). These eloquent regions are often distorted by pathology; therefore, it is critical to 
locate these areas in determining patient management (i.e. , conservative treatment vs surgery) 
and to maximize resection without encroachment on eloquent regions. MSI also is valuable for 
the identification of epileptic foci and can provide insight into brain physiology and plasticity. 

Just as electric current flow within a wire produces a surrounding magnetic field, current 
flow in neurons also produces a corresponding magnetic field ( 4 ). These fields may be detected 
and recorded and serve as the basis of MEG. Mathematical algorithms can then provide infer- 
ences on the three-dimensional (3D) spatial location of activated brain regions and the tempo- 
ral sequence of activation of these regions. 

Other functional imaging modalities, such as functional MRI (fMRI), single-photon emis- 
sion computed tomography (SPECT), and positron emission tomography (PET) add great 
insight into brain function, but are limited in their temporal and spatial resolution and in their 
reliance on brain metabolism and hemodynamics. MEG allows real-time (on the order of 
milliseconds) processing, whereas fMRI and PET are limited by hemodynamic changes, 
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which may take seconds (7). As such, MEG provides a direct measure of brain electrophysi- 
ology, while fMRI, SPECT, and PET measure changes that are only secondarily linked to 
actual physiology. Furthermore, the exact nature of this coupling is not completely understood 
(8). The limitations of fMRI and PET may be especially true in the presence of high-grade 
gliomas (HGG) because of alterations in vasculature. 

MEG METHODOLOGY 

The extracranial magnetic field measured by MEG reflects postsynaptic intracellular cur- 
rent flow within the apical dendrites of pyramidal cells oriented parallel to the skull surface 
(7). The resultant magnetic signal is typically very small. It is estimated that at least 30,000 
neurons need to be simultaneously activated for the detection of extracranial fields (9). 
Advanced technology is required to allow detection of this signal and ignore the significant 
background magnetic “noise.” 

The biomagnetometer is the device used to measure the neuromagnetic signal. It is usually 
configured as an axial gradiometer, typically consisting of two interconnected induction coils 
wound in opposition and separated by a few centimeters. The coils are in a superconducting 
state. This configuration allows the measurement of the spatial gradient of the magnetic field 
rather than the magnitude of the field per se (4). It essentially renders the magnetometer 
insensitive to far field noise (e.g., power lines, and very sensitive to generated “nearby sig- 
nals”). Another aid in decreasing background noise is the placement of the biomagnetometer 
in a magnetically shielded room. This room is typically made of a magnetically permeable 
material. Magnetic signal generated outside the room do not pass into the room, rather they 
flow through the walls of the chamber, around and away from the biomagnetometer. 

The output device for the biomagnetometer is a SQUID (superconducting quantum inter- 
ference device). The SQUID acts as a high-gain, low-noise, current-to-voltage converter that 
provides the output for the sensor system (1,7). The voltage output of the SQUID can be made 
proportional to the magnetic field sensed ( 10), and thus magnify the recorded signal. Figure 1 
demonstrates a summary of the basic principals of MEG. 

In order to localize in the magnetic signals that are changing in space and time, multiple 
sensors are needed. Sensor coils in a spherical cap are used to surround the head and thereby 
enable the sampling of a large volume. 

Inferring the intracranial generators of measured extracranial magnetic signals is a 
“computationally illposed inverse problem; that is, not having a unique solution in absence of 
additional constraints” (10). Modeling strategies have been developed to assist with this prob- 
lem. The simplest model is the single equivalent current dipole description. The neuronal 
current distribution is modeled at each instant in time as a single current element enclosed 
within a sphere of uniform conducting tissue (10). By assuming spherical symmetry, the 
differing electrical conductivity of the brain and skull may be ignored. This is problematic for 
source localization with electroencephalogram (EEG) where differing conductivities alter the 
recorded signal. The magnitude of the modeled magnetic field at the sensor position is com- 
pared with the observed signals, and a least-squares optimization procedure is performed ( 10). 
This yields a focal source characterized by location, magnitude, and dipole orientation. This 
source may then be combined with high resolution MRI and provide anatomic localization of 
the functional anatomic area (MSI). The aforementioned modeling strategy is generally effec- 
tive for the localization of certain brain activities such as movement of the digits of the hand, 
but it does not describe complex task paradigms or events occurring after the stimulus. Also, 
it does not provide temporal information. Multiple signal classification (MUSIC) algorithm 
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Fig. 1 . Basic principles of MEG. Electrical activity in neurons generates a magnetic field, which may 
be read by the detector system. SQUID allows the signal to be magnified ( 3 ). 


( 11 , 12 ) and magnetic field tomography (MFT) ( 13 , 14 ) incorporate this intrinsic information 
into improved source descriptions ( 10 ). 

The protocol for recording sensory evoked field (SEF) and motor evoked field (MEF) 
differs somewhat, depending on the imaging center performing the study. SEFs may be mea- 
sured by delivering painless somatosensory stimulation using a compressed air-driven dia- 
phragm attached to the fingertips, lips, and toes. In general, this provides a somatotopic 
representation of the sensory humunculs (Fig. 2). Alternatively, the median and/or the tibial 
nerve(s) may be electrically stimulated. Stimulation is applied for a set duration atpsuedoradom 
interstimulus intervals. Epochs are recorded, including prestimulus time points to obtain 
baseline activity. The MEG epochs are averaged and filtered to improve signal-to-noise ratio. 
The single equivalent dipole (SED) model is used to identify the presumed neuronal source 
(see above). The SED that provides the strongest signal and best satisfies the model within the 
poststimulus range from 30 to 70 msec is chosen to represent the neuronal source ( 15 ). 

MEFs may be performed by brisk flexion movements of the index finger contralateral to 
the lesion every 3 to 5 s (Fig. 3). The MEF epochs beginning 2 s before and 1 s after movement 
onset are averaged after visual inspection and artifact rejection using the rectified surface 
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Fig. 2. Stimulation of the finger allows measurement of sensory evoked fields in the contralateral 
primary sensory cortex. Coregistration with high-resolution MRI (magnetic source imaging) permits 
identification of the postcentral gyrus, which may be traced on the 3D rendered image. 
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Fig. 3. MEFs may be measured by flexion and extension of the contralateral finger(s). Following 
coregistration with MRI the precentral sulcus may be identified. This may be combined with SEFs and 
the central region completely defined. 


electromyogram (EMG) ( 16 ). MEG dipoles are localized for the first pronounced peak in the 
MEF waveform. To accept a source localization (MEF and SEF), data-model correlations with 
greater than 98%, and a minimum of 95%, statistical confidence volume are required ( 15 ). 

Regardless of the data acquisition technique, the MEG derived source is co-registered with 
high-resolution MRIs. Anatomic landmarks and/or scalp fiducial markers along with electrical 
markers are used for this co-registration process. Estimates of error with the registration 
process are on the order of 4 mm. Thus, whereas MSI offers a temporal resolution of less than 
1 ms, the practical spatial resolving power of sources ranges from 4 to 10 mm ( 10 ). 
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Fig. 4. MSI of a patient with a right frontal tumor. Prior to the MEG, the surgeon felt the tumor was 
involving the primary motor cortex and therefore surgical resection was too risky. MEG clearly dem- 
onstrated that the tumor only abuted the precentral gyrus making gross total resection possible. 


CLINICAL APPLICATIONS 
Pre-Surgical Mapping 

MSI is ideal for the preoperative, noninvasive identification of eloquent brain regions. 
(Figs. 2 and 3) This information may aid in maximizing surgical resection while minimizing 
the case of any potential postoperative functional deficits. Furthermore, the knowledge gleaned 
may significantly aid in the clinical decision-making process (Fig. 4). The surgeon may 
discover that a tumor involves the functional cortex, such as sensorimotor and/or language 
areas , thus making resection too dangerous (Fig. 5). Biopsy and radiation may then be 
undertaken, if appropriate, rather than surgical resection or an “awake” technique utilized for 
intraoperative mapping. Alberstone et al. reported MSI in 26 patients with intracranial mass 
lesions ( 6 ). In two of these patients surgery was not offered because of lesion location within 
functional cortex. 

Brain tumors have been shown to potentially contain functional activity ( 6 , 17 ). Knowledge 
of this activity preoperatively most certainly alters a surgical plan, solely based on anatomy. 
Preoperative MEG studies have demonstrated functional cortex located within radiographi- 
cally defined tumors. Schiffbauer et al. found functional activity in 17% of grade III tumors 
and in 8% of grade IV tumors ( 17 ). With this information preoperatively, a tailored surgical 
resection may be planned to spare the functional tissue. 

Traditionally, anatomic studies such as MRI or intraoperative surgical navigation are used 
to tailor resection based on an “assumption” regarding the location of eloquent cortex. It has 
been demonstrated that it may be difficult to accurately localize eloquent regions on MRI. 
Furthermore, the pathology may further distort the anatomy (as well as physiology) and this 
may make it even more difficult to identify eloquent cortex by visualization alone. Sobel et 
al. ( 18 ) compared MSI with the visual inspection of anatomic MRIs for identifying the central 
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Fig. 5. 3D MSI model in a patient with a large right frontal lobe tumor. The tumor appears to be invading 
the primary motor cortex making complete resection impossible without compromising motor function. 
The patient underwent subtotal resection thus avoiding the precentral gyrus. 


sulcus. The study demonstrated that the visual interpretation of MRIs may be inaccurate 
regarding the localization of the central sulcus; visual interpretation with MSI was accurate. 
This observation was especially true in a case where there was distortion resulting from the 
tumor. MEG, on the other hand, was readily able to identify functional regions, even in the face 
of anatomic distortion due to tumor (Fig. 6). In three patients reported by Alberstone et al. , MSI 
correctly identified displacement of functional cortex ( 6 ). In two cases, the somatosensory 
cortex was displaced posteriorly, whereas in one the auditory cortex was shifted posterior. 

MEG/MSI may also be used to preoperatively determine the safest surgical corridor for 
tumors involving the central region. For example, a frontal approach rather than a posterior 
one may be chosen to avoid functional cortex. Alberstone et al. illustrated a case in which 
surgery was performed using a cone, despite contradictory information gained from a preop- 
erative MSI study ( 6 ). The patient developed a postoperative neurologic deficit that may have 
been avoided if the MEG information would have been utilized in planning the surgical 
approach. 


Accuracy of MEG/MSI 

Gallen et al. assessed MSI for the identification of the central sulcus, surgical risk, and to 
help determine the best operative approach ( 19 ). All MSI identified points were found to be 
in agreement with intraoperative mapping. The standard deviation (SD) was determined to be 
around 6 mm. In localizing structures such as the pre or post-central sulcus, this uncertainty 
is acceptable. 

Schiffbauer et al., quantitively compared MSI and electrophysiological cortical mapping 
(ECM) ( 15 ). They found the distance between two corresponding points determined using MSI 
and ECM was 12.5 mm for somatosensory-somatosensory and 19mm for somatosensory- 
motor comparisons. The 6.5-mm increase in size separation was demonstrated in the antero- 
posterior direction. The authors concluded that preoperative MSI and intraoperative ECM 
show a favorable degree of quantitative correlation. 
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Fig. 6. A large left parietal tumor has resulted in anterior displacement of the sensorimotor cortex. MEG 
correctly localized the primary motor and sensory cortices despite the displacement. 


As discussed earlier, MEG is excellent at identifying the central sulcus, even when dis- 
placed by tumor. MSI correctly located functional regions in 3 of 26 patients when displaced 
by tumor ( 6 ). Furthermore, it is highly reliable in identifying the postcentral gyrus. Using 
intraoperative cortical stimulation and/or cortical somatosensory evoked potentials, sources 
of somatosensory evoked fields correctly identified the postcentral gyrus is all patients as 
reported by Makela et al. ( 20 ). It correctly identified the postcentral gyrus in 97% of cases in 
the report by Kober et al. ( 16 ). 

MEG is also able to reliably identify the precentral gyrus, although not as accurately as the 
postcentral gyrus. In the report by Kober et al., the central sulcus could only be correctly 
identified in 79% of cases by utilizing MEF ( 16 ). This may result from the complex nature of 
the motor evoked field or difficulties with task performance. In patients presenting with a 
motor deficit, the MEG of motor responses may not be technically feasible in as many as 2 1 % 
of cases ( 16 ). In most situations, location of the central sulcus using sensory evoked fields 
should be sufficient. Although, identifying the precentral gyrus is useful in cases in which the 
central sulcus is not clearly visible due to tumor ( 16 ). 

Recently, MSI and MEG research have been extended to noninvasive identification of 
speech laterality and localization of speech centers. Sequential source-modeling of the late 
latency evoked field permits language laterality to be estimated and is largely consistent with 
Wada testing ( 21 ). There has also been concordance noted with source localization of the late 
field activity and intraoperative mapping of language areas ( 22 ). Future work will likely 
expand language localization and perhaps curtail or even avoid the need for intraoperative 
mapping. 

The aforementioned studies have shown that it is often possible to localize functional areas 
in order to optimize a safe surgical resection in areas of eloquence. Intraoperative mapping with 
electrical stimulation is the gold standard; however, this adds time, cost, and potentially 
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morbidity. MSI is noninvasive and has been shown to be comparable to electrical stimulation 
( 23 ). Furthermore, it may also be used as an adjunct to intraoperative cortical stimulation. By 
utilizing the preoperative MSI data on motor, sensory, and/or speech data, the size of cran- 
iotomy, and time required to perform intraoperative cortical stimulation may be significantly 
lessened. 


Intraoperative Neuronavigation 

The data obtained from MEG may be incorporated into a 3D neuronavigation system and 
used to aid in safe tumor removal ( 24 , 25 ). Intraoperative decisions may be made regarding 
extent of tumor resection and in chosing the optimal surgical corridor. Firsching et al. reported 
their experience using MEG navigation in 30 patients with space occupying lesions around the 
central region ( 24 ). Sensory evoked fields were identified in all patients preoperatively and 
superimposed on MRIs in their navigation workstation. Somatosensory evoked potentials 
were also used intraoperatively to locate the somatosensory cortex (phase-reversal technique). 
MEG agreed with phase reversal in all patients and permitted gross-total lesion resection in 
28 patients and partial resection in 2 patients with gliomas. Following surgery, motor deficit 
improved in seven patients, was unchanged in five, and demonstrated a transient worsening 
in five. One patient had a worsened motor examination that failed to completely recover. The 
authors concluded that MEG-based neuronavigation is practical and safe for approaching 
tumors located or near the central region. 

LIMITATIONS 

The main limitation is the amount of confidence placed in the resolving power of MSI (i.e. , 
resolution related error). The hardware contribution to this error is decreasing because of the 
development of detector arrays with greater than 100 channels and improved detector coils. 
The software or modeling contribution, however, may be large. Many sources may be simul- 
taneously active, as opposed to a single source, and single-current dipole modeling at times 
may not be adequate. MUSIC and the MFT algorithms have been developed to address this 
type of situation and will likely decrease modeling error. 

Further limitations exist when MEG/MSI is combined with neuronavigation. The naviga- 
tion system’s registration error must be included in the overall error of functional navigation. 
Moreover, the well-documented “brain-shift” phenomenon that occurs during craniotomy and 
limits modern neuronavigation systems must also be factored into the overall spatial resolu- 
tions of the study. 


CONCLUSIONS 

Magnetoencephalography combined with high-resolution MRI provides valuable insight 
into the dichotomy of structure and function. The information gleaned is valuable in that it is 
noninvasive, and is obtained relatively quickly. Preoperative decisions may be made based on 
functional information. For example, a surgical resection may be deemed too risky if the lesion 
involves eloquent areas such as the primary motor cortex or speech areas. Decisions may also 
be made regarding the safest surgical corridor for resection. Incorporating MEG data into 
neuronavigation allows the surgeon to use functional data for intraoperative decision making. 
T aken together, MEG/MSI may then allow maximum tumor resection and limit postoperative 
morbidity. In the future, MEG may be combined with other functional studies, such as fMRI, 
to provide a more complete picture of the brain’s function relative to its anatomy. 
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Summary 

The discipline of neuro-oncology has developed to allow the integration of complex care re- 
quired for brain tumor patients. Patients with brain tumors suffer emotional and physical disabilities 
and often die of their disease over a short period of time. During that time they are faced with multiple 
treatment decisions often involving many disciplines. Patients may suffer from seizures, blood clots, 
and the effects of chronic steroid use. Further, they also take multiple medications that are likely to 
interact and lead to additional concerns. This chapter will deal with many of these common problems 
and provide practical solutions for a physician looking after brain tumor patients. Issues regarding 
antiepileptic drug use, driving restrictions, steroids use, fatigue, blood clots, and alternative therapy 
will be reviewed in detail so that the care of the brain tumor patient can be improved. 

Key Words: Glioma; brain tumor; steroids; seizures; fatigue; blood clots; osteoporosis; alterna- 
tive therapy. 


BRAIN TUMORS AND SEIZURES 

It has long been known that an association between brain tumors and seizure activity exists. 
As far back as 1882, Hughlings Jackson ( 1 ) noted seizures and epilepsy in patients with 
primary brain tumors. Penfield et al. ( 2 ), in 1940 found seizure rates as high as 37% in 
glioblastoma multiforme (GBM) patients. It was also shown many years ago that tumor 
location could influence seizure activity. Tumors found in the primary motor and somatosen- 
sory cortex, are strongly associated with seizures but that may partly be the result of ease of 
diagnosis compared with seizures originating elsewhere. Other high-risk areas include the rest 
of the frontal lobe, temporal lobe, and perirolandic region ( 3 ). It should be noted that seizures 
are a common presenting symptom in many low-grade tumors and that seizure frequency for 
the primary gliomas is inversely related to their malignancy (i.e., low-grade tumors are more 
likely to present with seizures) ( 4 ). Seizure activity is thought to be neuronal in nature and 
hence, gliomas must somehow exert effects on neurons to cause seizure activity. Some tumors, 
such as dysembryoplastic neuroectodermal tumors and gangliogliomas, have neuronal ele- 
ments within them and may cause seizures directly. Seizure mechanisms of action include 
alterations in synaptic connections, ion concentrations, neuro transmitters, or neuromodulators 
that increase excitability ( 5 ). As will be discussed later, drugs that prevent second or third 
seizures may not prevent the first seizure. Using the Central Brain Tumor Registry of the 
United States (CBTRUS) ( 6 ), which pooled brain tumor data between 1997 and 2001, it was 
estimated that 41,130 new cases of primary benign and malignant brain tumors would be 
diagnosed in 2004 ( 6 ). There are also at least 170,000 brain metastases diagnosed per yr ( 7 ). 
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Edited by: G. H. Barnett © Humana Press Inc., Totowa, NJ 
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It has been estimated that from 20 to 40% (62,000) of all brain tumor patients will have 
experienced at least one seizure prior to diagnosis and in those patients the need for anticon- 
vulsant medication is rarely in question (8). 

Seizure Prophylaxis 

Of patients who have not yet had a seizure, it is presumed that they are at risk and 20 to 45% 
(45,000) of those patients will eventually have a seizure (8). Should we be treating those 
145,000 patients prophylactically? In a study evaluating antiepileptic drug (AED) use in 
Rhode Island, 113 physicians from various disciplines (neurologists, oncologists, radiation 
oncologist, and neurosurgeons) were questioned about their practice. In newly diagnosed 
brain tumor patients, 55% of physician’s routinely prescribed prophylactic AEDs. Most 
neurosurgeons did (81%) and most radiation oncologists did not (67%) (9). To further address 
this issue, in 1999 the American Academy of Neurology pooled all the available data on AED 
use and brain tumors. The Quality Standards Subcommittee produced the following (10): 

American Academy of Neurology Position Statement 

The subcommittee evaluated 12 studies that examined the ability of prophylactic AED use 
to prevent first seizure in newly diagnosed brain tumor patients. Four studies provided what 
was felt to be Class 1 type evidence and these trials then underwent a meta-analysis. The 
following recommendations were made: 

“1. In patients with newly diagnosed brain tumors, anticonvulsant medications are not 
effective in preventing first seizures. Because of their lack of efficacy and their potential side 
effects, prophylactic anticonvulsants should not be used routinely in patients with newly 
diagnosed brain tumors (standard). ” 

“2. In patients with brain tumors who have not had a seizure, tapering and discontinuing 
anticonvulsants after the first postoperative week is appropriate, particularly in those 
patients who are medically stable and who are experiencing anticonvulsant-related side 
effects (guideline). ” 

In the meta-analysis, the issue of brain tumors, AED use, and driving was not adequately 
addressed and hence no specific recommendations were made. At this point each state deter- 
mines driving restrictions for patients who have had seizures and will be reviewed in the next 
section. 

Driving and Epilepsy 

In the early 20th century when driver’ s licenses became common in the United States (US), 
people with epilepsy were excluded. In 1949, Wisconsin was the first state in the US permit- 
ting people with epilepsy to drive and specified a seizure free interval (SFI) of 2 yr. By 1987 
Wisconsin had reduced the SFI to 3 mo (11). The Marshfield Clinic completed a retrospective 
study comparing the accident rate of people with epilepsy and diabetes, to age matched 
controls in the same zip codes. The standardized accident rate for the diabetes group was 1.32; 
for the epilepsy group 1.33; and for the epilepsy group <25 yr old 1.79 (12). 

For brain tumor patients, seizures are only one of several factors that could define their 
ability to drive. Inability to drive can have a significant impact on a patient’s quality of life 
and also their ability to maintain employment. “When can I drive?” is one of the most com- 
monly asked questions in the brain tumor outpatient clinic. The answer to this question is not 
easily attained and is dependent on the state in which the patient resides. A consensus confer- 
ence of the American Academy of Neurology, American Epilepsy Society, and the Epilepsy 
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Table 1 

Favorable and Unfavorable Modifiers For Accessing Seizure Risk 

Favorable Modifiers 

• Seizures during medically directed medication change. 

• Simple partial seizures that do not interfere with consciousness and/or motor control. 

• Seizures with consistent and prolonged auras . 

• Sleep deprived seizures. 

• Established pattern of pure nocturnal seizures. 

• Seizures related to acute illnesses that are not likely to recur. 


Unfavorable modifiers 

• Noncompliance with medication or lack of credibility. 

• Increased number of seizures within 1 yr. 

• Structural brain lesion such as a tumor. 

• Alcohol or drug abuse within past 3 mo. 

• Prior crashes caused by seizures in the last 5 yr. 

• No correctable brain functional or metabolic condition. 

• Frequent seizures after a seizure-free interval. 


Foundation of America took place from May 31 to June 2, 1991 in Washington, D.C. Also 
included in this meeting were experts from the Department of Motor Vehicles (DMV), mem- 
bers of state Medical Advisory Boards (MAB), and people with epilepsy ( 13 ). It was felt that 
the licensing decision should be made by the state DMV, not the treating physician, and that 
straightforward cases could be made independently by first level DMV staff. The treating 
physician should provide appropriate factual data and the opportunity to offer an opinion of 
licensure should they desire. The process should allow individual consideration and have an 
appeal process. A SFI of 3 mo was recommended starting from the date of the last seizure 
and should have associated favorable and unfavorable modifiers that could alter the interval 
(Table 1; not an inclusive list). 

There was also unanimous agreement that patients should self-report and that physicians 
not be required to report to the DMV. It was also felt that there should be physician immunity 
for reporting and not reporting. A medical advisory board should exist in each state, the patient 
should be able to have voluntary license surrendering, and an appeal board should exist. 

If we look at what the practice is 10 yr after the consensus meeting, it would appear that not 
much consensus had taken place. In a review by Krauss et al. ( 14 ) the seizure-free window for 
driving was not specified in ten states, including Ohio. A 3-mo interval was noted in 1 1 states, 
6-mo in 18 states, 12-mo in 10 states and Washington, DC. Florida was the most rigid state 
with a 24-mo SFI policy. 

In 1994 the SFI in Arizona was reduced from 12 to 3 mo. Motor vehicle crash reports from 
3 yr before and after the change were reviewed. Overall, the crash rate secondary to seizures 
was small at <0.04% of all crashes. Seizures did account for 30% of all medically related 
crashes. There was no increase in seizure related crash rates ( 15 ). Interestingly, only between 
27 and 54% of patients with epilepsy report their seizures to the DMV. It is the physician’s 
responsibility to raise the issue of driving with patients ( 16 ). Patients driving behavior was 
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evaluated in a prospective multicenter study (6 centers in the East and 1 in the Midwest) 
comprised of 367 patients >20 yr old undergoing presurgical evaluation for refractory epi- 
lepsy ( 17 ). Sixty-five percent of patients reported having had a driver’s license at some time 
during their seizure history and 37% had a current driver’s license. Thirty-one percent had 
driven within the year and 27% had an accident resulting from a seizure. The probability of 
a male in his 20s driving within the year with a valid driver’s license was 90%, whereas the 
probability of a patient in his/her 50s who had never had a valid driver’s license was 2%. 

Krauss et al. ( 16 ) completed a retrospective case control study of crash rates for seizure 
patients at Johns Hopkins University and the University of Maryland epilepsy clinic. The 
study was for the 12-mo preceding the study onset for crashes from mid- 1996 to mid- 1997 for 
controls. Clinical data was collected from chart reviews and phone interviews. They found that 
patients that were greater than 1-yr seizure free reduced the odds of an accident by 93%. For 
individuals seizure free >6 mo the odds were reduced by 85%. A 3-mo seizure-free period 
did not result in a significant reduction in automobile accidents. 

For brain tumor patients, it is difficult to know how the existing data really relates to them 
as a group. At this point physicians should follow the rules of their state. It is important to 
always document discussions in the patient’s medical record regarding driving and it is rec- 
ommended that this be done with the first contact after a seizure. 

Choice of Antiepileptic Drug 

The two National Cancer Institute supported consortiums (New Approaches to Brain Tumor 
Therapy (NABTT) and North American Brain Tumor Consortium (NABTC)), are involved 
with evaluating new chemotherapeutic drugs in phase I and phase II clinical trials. Many 
AEDs may either induce or inhibit liver enzymes, thereby affecting other drugs (such as 
chemotherapy) metabolized in the liver. It is important then to determine the pharmacokinet- 
ics of chemotherapeutics so that appropriate doses can be used to assess clinical efficacy. 
Therefore, avoiding AEDs that are metabolized in the liver seems reasonable when possible. 
Table 2 shows a list of the current AEDs and their interaction with hepatic enzymes. 

Within the past 10 yr, nine new AEDs have been introduced into the US market place 
increasing the choices for patients by approx 200% ( 22 ). Although this increase causes con- 
fusion based on an apparent wealth of riches it also allows the physician to tailor treatment for 
specific groups of patients. Treatment decisions may be more important in the brain tumor 
population where individuals are often on multiple medications. One of the major differences 
between the “newer” and “older” AEDs is the potential for fewer drug interactions resulting 
from loss of hepatic enzyme induction as listed in Table 2. It should also be kept in mind that 
many of these drug-drug interactions are reciprocal. 

Hepatic P-450 System 

Drug metabolism is perhaps the most important mechanism by which drugs are eliminated 
in the body. Certain newer AEDs, such as Levetiracetam, are excreted essentially unchanged 
in the urine, but for most of the older AEDs, steroids, and chemotherapeutics, liver metabolism 
is critical. The cytochrome P-450 system or C YP is the main pathway of degradation for many 
substances ( 23 ). Because many drugs are degraded by shared components of the CYP system, 
interactions are bound to happen. At least 12 CYP gene families have been identified with 
CYP 1, 2, and 3 involved in most drug metabolism. CYP are large heme-containing proteins 
that have substrate binding properties. They are located throughout the body but those most 
important for drug metabolism are located in the endoplasmic recticulum (ER) of the cyto- 
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Table 2 


Group A — Anticonvulsants that induce hepatic metabolic enzymes 

Generic name 

Trade name 

Phenytoin 

Dilantin 

Carbamazepine 

Tegretol 

Phenobarbital 

Phenobarbital 

Primidone 

Mysoline 

Oxcarbazepine 

Trileptal 

Group B — Anticonvulsants that cause modest or no 

induction of hepatic metabolic enzymes 

Generic name 

Trade name 

Gabapentin 

Neurontin 

Lamotrigine 

Lamictal 

V alproic acid 

Depakote, Depakene 

Felbamate 

Felbatol 

Levetiracetam 

Keppra 

Tiagibine 

Gabatril 

Topiramate 

Topamax 

Zonisamide 

Zonegram 

Pregabalin 

Lyrica 


plasm of cells found in the gastrointestinal tract and liver. The isoforms CYP1A2, CYP2CP, 
CYP 2C 19, CYP2D6 and CYP3A4 are the most important for metabolism. Furthermore, it has 
been shown that up to 50% of all drugs are metabolized by the CYP3A4 system alone ( 24 ). 
This is the most important system for most AED and chemotherapeutic drug metabolism. 
Interestingly, dexamethasone also induces CYP3A4. If patients were given both phenytoin 
(PHT) and dexamethasone (both inducers of the hepatic CYP system), the result would be 
lower serum levels of PHT for a given dose. Because PHT has nonlinear kinetics it would not 
be unusual for individuals on PHT and dexamethasone to become PHT toxic if the steroids are 
weaned and to become sub-therapeutic if the steroids are increased. We will look at camp- 
totecin analogs as an example of AED-chemotherapy interaction. Irinotecan is metabolized 
by CYP3A4. In a recent trial looking at the pharmacokinetics of Irinotecan in adults with 
recurrent malignant glioma, it was noted that the maximal tolerated dose (MTD) was 3.5x 
greater for patients concurrently receiving a hepatic enzyme inducing AED ( 25 ). The MTD 
for the hepatic enzyme induced group was 411 mg/m 2 /wk and 1 17mg/m 2 /wk for the group not 
on enzyme inducing AED. Similar results were seen in a trial by Fetell et al. ( 26 ) who found 
the MTD for paclitaxel given to glioblastoma patients to be 140 mg/m 2 in the nonhepatic 
enzyme inducing group, and 200 mg/m 2 in hepatic enzyme inducing group. On the other side 
of this is valproic acid (VPA), which is an enzyme inhibiting AED. Studies have shown toxic 
levels of chemotherapeutics resulting in increased bone marrow toxicity with individuals on 
VPA and cisplatin, etoposide, and nitrosoureas ( 27 ). 

Antiepileptic Drugs and Osteoporosis 

An unusual noted side effect of AEDs has been their potential effects on mineral density. 
A study by Kubata et al. ( 28 ), performed bone density measurements (hip and spine) on 15 
epileptic patients between the ages of 20 and 29 yr over a 7-yr period. The patients were most 
commonly on phenytoin or barbiturates. They reported a significant decrease in bone density 
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over the 7-yr period. AED effects on bone density may be related to impaired vitamin D 
metabolism secondary to induced hepatic cytochrome P450 activity. As was discussed in the 
previous section on drug interactions, a similar situation occurs and results in decreased 
vitamin D through increased catabolism. It is also thought that 25 hydroxy-vitD is also affected 
resulting in decreased calcium absoiption, secondary hyperparathyroidism, increased bone 
turnover, and a high rate of bone loss ( 29 ). Inpatients with high-grade malignant tumors, AED 
induced osteoporosis may be of less concern because of their limited life expectancy. How- 
ever, with low-grade gliomas (LGG) this may become an issue of greater concern. In a recent 
study ( 30 ), women older than 65 yr taking AEDs had a 1.8-fold greater average rate of bone 
loss in the calcaneous than women not on AEDs and 1.7-fold greater average rate of loss at 
the hip over the 5.7 yr of the study. Whether brain tumor patients should be instructed to take 
supplements of vitamin D and calcium at this point is unknown. This patient population is also 
commonly on steroids which can hasten osteoporosis; therefore, this factor should also be taken 
into consideration when deciding whether to prophylax, for osteoporosis. Unless contraindi- 
cated, we will often recommend using supplements of calcium (1000- 1500 mg/d) and vitamin 
D (400 IU/d). 

Antiepileptic Drug Recommendations 

If a patient does need to be on an AED, which medication should you chose? Because these 
patients are often on multiple medications and minimizing potential drug-to-drug interac- 
tions, as we have discussed, would be advantagous, there may be some benefit to using drugs 
which do not undergo hepatic metabolism (Table 2, class B). Wagner et al. ( 18 ) evaluated 26 
brain tumor patients treated with Levetiracetam (LEV) which has little known effect on liver 
enzymes and has no protein binding ( 19 ). Eighteen patients with high-grade glioma (HGG) 
and 8 patients with LGG took part in the study. In 20 patients with persisting seizures, LEV 
produced a >50% reduction in seizure activity in 13 patients (67%). Of those 13 patients, 7 
went on to be treated with monotherapy alone. Thirty-five percent of patients had mild side 
effects including dizziness, fatigue, and somnolence. One patient developed psychosis 4 wk 
into treatment and the drug was stopped. They concluded that the LEV may be a useful drug 
for brain tumor patients and that investigations into its use as monotherapy seemed reasonable. 
In a recent review of the pharmacokinetics of LEV in healthy volunteers, it was noted that 66% 
of LEV was excreted unchanged in the kidney, 24% was metabolized by hydrolysis of the 
acetamide group by a non-P450 dependent enzyme and that less than 2.5% was metabolized 
by the CYP enzymes ( 20 ). White et al. ( 21 ) recently reported on behavior problems that can 
be seen with patients taking levetiracetam. In their study of 553 patients, 38 of the patients 
(6.9%) discontinued LEV because of behavioral problems. Risk factors associated with LEV 
discontinuation included faster titration, history of psychiatric disorder, and diagnosis of 
symptomatic epilepsy. Our practice in general is to start (or convert) brain tumor patients 
that need AEDs to levetiracetam 500 mg bid for 1 wk then 1000 mg bid for 1 wk and finally 
1500 mg bid. The choice of AED for any given patient should be individualized. Although 
more AEDs mean more options, well controlled clinical trials need to be completed to define 
which medications will best meet the means of brain tumor patients. 

STEROIDS 

Steroid use, its benefits and side effects, have been controversial since the 1960s when 
French first reported using them regularly in brain tumor patients ( 31 , 32 ). In the 1950s, while 
studying craniopharyngiomas, Ingraham noted a reduction in cerebral edema in patients using 
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corticosteroids (33). Dexamethasone (DMS) is a potent anti-inflammatory with a relative lack 
of mineralocorticoid activity. The DMS dose that the French empirically chose was 16 mg/ 
d as this was the dose felt to give maximum clinical response. Renaudin et al. (34) escalated 
DMS dose to 96 mg/d and found some favorable responses and felt there were minimal 
complications encountered. There are no randomized controlled trials examining steroid use 
in malignant glioma patients. Despite this fact, it is common practice now to use DMS to 
decrease cerebral edema in glioma patients. The mechanism of action, however, remains 
controversial. Onishi (35) found that glucocorticoids exert their antiedema properties by 
acting directly on capillary endothelial cells, possibly through the inhibition of phophilipase 
A2 activity. Bodesch (36) studied operative tissue and found that both the water and electro- 
lyte content of edematous tissue was reduced with dexamethasone. A positron emission 
tomography (PET) study by Jarden (37) looked at the time course of steroid action and found 
changes in brain tumor capillaries at 5 to 6 and 24 h, which may be responsible for some of 
the antiedema properties. 

General concerns have been raised about the timing of steroid dose and how that might 
affect the interpretation of imaging. Buxton et al. (38) reported on a patient who initially had 
radiographic resolution of his tumor on contrasted computed tomography (CT) while on DMS 
6 mg/d and was eventually diagnosed as a GBM by biopsy. These changes in enhancement 
related to steroid use are currently referred to as the “MacDonald Criteria” (39). MacDonald 
and co-workers have reported on how steroid dose may affect interpretation of CT or magnetic 
resonance imaging (MRI) in malignant glioma patients. In an MRI study, ten symptomatic 
glioma patients were started on decadron 1 6 mg/d and underwent MRIs weekly . Interestingly, 
nine out of ten patients had a measurable reduction in the size of the gadolinium enhancing 
lesion or T2 signal. MRIs were reported as improved by the neuroradiologist in 7 out of 1 0 
cases and cross-sectional tumor volume was decreased by at least 25% in 10 patients. Their 
recommendation was that patients who require increased steroid use for tumor progression 
that are going on a clinical trial should have a new MRI after a stable steroid dose of 2 wk 
duration which should serve as the baseline MRI. Failure to do this might increase the like- 
lihood of false positive responses attributed by the investigational agent (40). Similar findings 
were also found using CT scans, where 2 wk was the time period at which maximal steroid 
effect was seen (41). Secondary to the above findings, the question of possible steroid anti- 
tumor effect on gliomas was raised. A study by Mackie et al. (42) using glioma cells suggested 
a cytostatic effect only without evidence for a cytotoxicity. 

Another issue regarding steroids is their possible interaction with chemotherapeutic drugs 
and AEDs. Because decadron is a CYP3A4 inducer it can potentially affect other drugs that 
also undergo hepatic metabolism. If steroids act to decrease brain edema by affecting the 
blood-tumor and blood-brain barrier, then steroids might also affect the delivery of chemo- 
therapeutic drugs to the central nervous system (CNS). Weller et al. (43) have gone so far as 
to recommend that, if possible, steroids be withdrawn from glioma patients so as to maximize 
the therapeutic effect of chemotherapy agents. It is common for patients on DMS to often 
require very high doses of phenytoin. Lachner (44) presented the case of a patient requiring 
>10 mg/kg/d of phenytoin to maintain therapeutic concentrations while on dexamethasone. 
Once the steroid was discontinued the phenytoin plasma level tripled. For these reasons, close 
monitoring of AED levels should be undertaken when drug interactions are known. 

Steroid side effects have been well defined over time and usually worsen with higher dose 
and longer duration of use. Side effects include: weight gain, electrolyte disturbances, hyper- 
glycemia, gastrointestinal irritation, osteoporosis, opportunistic infections (primarily Can- 
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dida but also Pneumocistis carini especially for those also on chemotherapy), thinning of skin, 
increased bruising, peripheral edema, vascular bone necrosis, insomnia, irritability, acne, 
cushingoid state, hypertension, and proximal myopathy (45). Many of these effects are revers- 
ible with steroid reduction but they can cause serious quality of life issues. Because DMS has 
a long half-life, we generally recommend morning loading when possible to lessen some of 
the night-time side effects such as insomnia (i.e., for bid dosing we would recommend taking 
medication at breakfast and lunch instead of 8 am and 8 pm). For steroid weaning we generally 
decrease DMS by 2 mg every 4 d as tolerated. It is important to emphasize to patients that 
steroid dosing is a mix of an art and science and that good doctor patient communication will 
allow the best care. 


VENOUS THROMBOEMBOLISM 

Venous thromboembolism (VTE) has long been known as a complication of cancer. Venous 
thromboembolisms are usually divided into deep venous thrombosis (DVT) and pulmonary 
embolism (PE). When DVTs affect the proximal veins of the lower extremities they are 
usually treated as a PE. We discuss VTE with all brain tumor patients at the initial consultation. 
Mechanism of action for VTE includes, venous stasis (immobility), intimal injury, and alter- 
ations in coagulation. In brain tumor patients, Saw ay a et al. (46) has shown alterations in the 
fibrinolytic system and an underlying coagulopathy as causes of VTE. Other associations 
include age, prior DVT, smoking, oral contraceptives, and obesity. During surgery, brain 
tumor patients often have induced dehydration and hyperosmolality that increase the VTE 
risk. Malignant brain tumor patients have also been shown to display an increased risk of VTE 
with reports of upward of 28% of patients having symptomatic events (47). At our institution 
we have a high index of suspicion for DVT and will order a duplex ultrasound on any suspected 
patient and on all postoperative patients on day three. The classic signs of DVT include calf 
pain, swelling, and erythema with a positive Flomans sign (although all or none may be 
present). Approximately 25% of symptomatic patients that are investigated have a DVT (48). 
A recent retrospective review at Johns Hopkins of 130 adult patients with gliomas found that 
28% of patients developed VTE at a median of 4.8 mo after diagnosis (49). Interestingly these 
patients were evaluated for VTE based on ABO blood group. The hazard ratios for thrombosis 
were 2.7 and 9.4 for patients with blood groups A (p = 0.045) and AB (p < 0.0001), respec- 
tively. A larger clinical trial is currently being conducted within the NABTT consortium 
validating these results. Data such as this might help define a subset of patients that should be 
treated prophylactically with anticoagulation. Management of VTE events includes preven- 
tion, pneumatic compression stockings, early mobilization, anticoagulation (coumadin, hep- 
arin, low-molecular-weight heparin), and an inferior vena cava (IVC) filter for patients that 
cannot be anticoagulated. In a recent trial from Goldhaber et al. (50), they randomized 150 
patients to enoxaparin 40 mg/d vs heparin 5000 U bid who were undergoing craniotomy for 
a brain tumor. All patients also received graduated compression stockings and intermittent 
pneumatic compression. The main outcome measure was DVT detected by venous ultrasound 
prior to hospital discharge. They reported no symptomatic DVTs or PE in any of the 150 
patients. The overall rate of asymptomatic VTE was 9.3%, which was not different between 
the 2 groups. Ten of the 14 patients with DVT had deep calf involvement. They did not report 
any bleeding complications. For patients that develop a VTE and have an intracranial tumor 
there remain concerns about anticoagulation. Certain types of tumors are more prone to 
intracranial hemorrhage including renal cell carcinoma, melanoma, thyroid cancer, germ cell 
tumors, and choriocarcinomas (51). Schiff and DeAngelis (52) reported on 3 of 42 metastatic 
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patients with serious bleeding complications who were anticoagulated for VTE. In further 
review it was found that one patient received supratherapeutic doses of heparin and another 
patient who was on coumadin had a prothrombin time (PT) 4.8 times control. Several studies 
have examined anticoagulation in glioma patients. Ruff and Posner (53) reviewed 103 HGG 
patients on coumadin over 14 wk for VTE. There were two reported hemorrhages and one 
death. In 1990 Altschuler et al. (54) found no intracranial hemorrhagic events in 23 brain 
tumor patients over a 6-mo period. In that study, the PT was maintained at 1.25x control 
whereas in the Ruff study the PT was 2.5x control. Lastly, controversy exists about the use 
and efficacy of IVC filters. In a series of 42 brain tumor patients with IVC filters, Levin et al. 
(47) found that 26% had either filter or IVC thrombosis, 21% had a recurrent DVT, 9% 
developed a postphlebetic syndrome, and 12% had a recurrent pulmonary embolism. 

Anticoagulation for brain tumor patients, especially those that have recently undergone 
craniotomy, makes all involved uneasy. Prevention, if possible, is the best strategy and for 
hospitalized patients we recommend compression stockings and early mobilization. For pa- 
tients that require anticoagulation we recommend not giving a heparin bolus and for those that 
cannot be anticoagulated an IVC filter is an option. 

FATIGUE 

The neurologic disorder in which fatigue has been best evaluated is multiple sclerosis in 
which at least 78% of these patients suffer from fatigue and is often the most disabling 
symptom of this disease (55). Similarly, in a study of over 1300 cancer patients, 58% of 
patients described problems with fatigue, yet less than 52% of those ever reported symptoms 
to their caregivers, and only 14% had received some type of treatment (56). Perhaps the 
greatest obstacle to recognizing fatigue is in terms of definition as various health care profes- 
sionals define fatigue differently based on their area of expertise. The most common com- 
plaint heard in our outpatient brain tumor clinic on a daily basis from patients, regardless of 
stage of treatment, is that they feel fatigue. This may be further defined as tiredness, exhaus- 
tion, muscle weakness, lethargy, or depression. Because fatigue can mean different things to 
physicians and patients it is imperative that the physician obtain a comprehensive history to 
better define what the patient is describing. 

Treatment — General Considerations 

• Exercise: this helps stimulate the appetite, maintain muscle mass. 

• Nutrition: avoid refined sugars, which can alter blood glucose levels, that can cause fatigue as 
levels “spike” and then drop. Make sure hydration is adequate. 

• Limit caffeine and tobacco: both of these act as CNS stimulants and can interfere with sleep. 

• Limit alcohol intake: it is a CNS depressant, can affect other drugs metabolized in the liver and 
possibly affect seizure threshold. 

No drugs have been approved by the Food and Drug Administration (FDA) for treatment 
of fatigue in brain tumor patients, however various medications have been used clinically over 
the years. Currently two clinical trials in brain tumor patients are looking at treating fatigue 
related problems (http://www.clinicaltrials.gov). The first trial is a “ Phase III Randomized 
trial of D-Methylphenidate To Improve Quality of Life in Patients Receiving Radiotherapy for 
Primary or Metastatic Brain Tumor." This is a placebo controlled trial. The second trial is a 
“ Pilot Randomized Study of Mo daf anil for Treatment of Fatigue and N eurobehavior al Dys- 
function in Patients with Primary Brain Tumors.” Meyer et al. (57) evaluated 30 primary brain 
tumor patients who received either 10, 20, or 30 mg of methylphenidate bid. All patients 
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underwent neuropsychological assessment. They reported significant improvements in cog- 
nitive function at the 10 mg bid dose. Functional motor improvement was also noted. No 
increased seizure activity was noted and these gains were noted despite progression on MRI 
in at least half of the cases. An abstract was presented at the Society for Neuro-oncology 
(SNO) meeting in Toronto in November 2004 evaluating the effect of Donepezil in previously 
irradiated brain tumor patients (58). Patients were given donepezil at 5 mg/d for 6 wk and then 
10 mg/d for 18 wk. They reported an improvement in the health-related quality of life and 
mood as measured by Functional Assessment of Cancer Therapy for Brain (FACT-BR) and 
Profile of Mood States (POMS). Patients also reported a significant reduction in fatigue. 
Further clinical trials are required looking for ways to improve patient quality of life and in 
particular fatigue. 

ALTERNATIVE/COMPLIMENTARY TREATMENT 

Alternative medicine has been defined as the use of various treatment modalities that are 
not usually used in traditional medicine, taught in medical schools, or covered by insurance 
companies. Terminology, however, is changing and these treatments are being incorporated 
more and more into traditional therapies and hence the term complimentary medicine is now 
used more frequently (Complimentary-Alternative Medicine [CAM]). In 1991, the National 
Institutes of Health (NIH) established the office for Alternative Medicine to address the 
growing use of these treatments. It has been estimated that two-thirds of the American popu- 
lation has used some form of CAM ( 59). Of importance, 70% of those patients using CAM did 
not disclose this use to their physician (60). In 1998 the Alternative Medicine office changed 
its name to the National Center for Complimentary and Alternative Medicine (NCCAM). 
Alternative therapies include things such as imagery, biofeedback, acupuncture, reiki, dietary 
supplements, herbal products, and traditional Chinese medicine. The NCCAM web site is: 
http://www.nccam.nih.gov and can be used for more detailed information beyond the scope 
of this review. 

The Glioma Outcome project or “GO” was a physician directed project with the goal of 
improving the care of brain tumor patients. A total of 788 HGG patients were enrolled. The 
project collected data on the use of alternative therapies by glioma patients. An abstract of this 
data was presented at the Society for Neurooncology meeting in 2000 (61), which evaluated 
data from the first 520 patients. Patients were asked about alternative therapy use within 3 wk 
of glioma surgery and at 3-mo intervals after that. Forty-nine percent of patients used at least 
one alternative therapy during their treatment. The most frequently used treatments included 
meditation and prayer (28%), high-dose vitamins (23%), and herbs (18%). Interestingly, 
alternative therapy use at some point (49%) was greater than the use of chemotherapy (25%), 
or those who enrolled in clinical trials (21%). An earlier study by Verhoef et al. (62) out of 
Canada also found that alternative therapy in glioma patients is common (24%). In that trial, 
conducted in Southern Alberta, 167 patients were evaluated using a prospectively adminis- 
tered questionnaire. Verhoef et al. felt alternative medicine use resulted from the patients’ 
need to perceive that they have some autonomy in the management and treatment for their 
tumor. Clearly, these are evolving fields that require closer evaluation. Because it is obvious 
that patients are looking to other sources of treatment, we as a community need to evaluate 
these “therapies” in clinical trials. It is also imperative that when asking patients and caregivers 
about medications that it includes over-the-counter and herbal medications. As an example, 
grapefruit juice has been shown to be a CYP-450 inhibitor and St. John’s Wort a CYP-450 
inducer. This information can be found at http://medicine.iupui.edu/fIockhart/. 
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CONCLUSIONS 

The overall treatment of brain tumor patients remains a challenge. Although mortality 
remains a primary concern, morbidity and quality of life are issues that neuro-oncologists are 
in a unique position to address on a daily basis. Issues related to AED use, chemotherapies, 
steroids, and combinations lead to drug interactions that can affect patient response to treat- 
ment. Fatigue remains a primary problem of almost all brain tumor patients with new drugs 
currently being investigated in clinical trials. VTE events occur in a high frequency in cancer 
patients and a high index of suspicion is warranted. Patients continue to use alternative thera- 
pies and it is important to address this use with them. A collaborative team approach with 
attention to detail should help improve not only mortality but certainly morbidity and quality 
of life for brain tumor patients. 
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Surgical Techniques 
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Summary 

The development of surgical navigation systems (SNS) has revolutionized the surgical manage- 
ment of high-grade glioma. The most common procedures using this technology are biopsy and cran- 
iotomy. Biopsy is often the procedure of choice when a histological diagnosis is desired, or when open 
resection is too risky or unnecessary. Stereotactic biopsy has low morbidity, high rates of diagnosis 
(albeit with a small risk of undergrading HGG), and may provide tissue for both histologic and molecu- 
lar diagnoses. SNS may also be used to placed catheters for cyst drainage, brachytherapy, and convec- 
tion enhanced delivery — a relatively new technique for infusing therapeutic agents through the brain. 
Extent of resection is becoming increasingly recognized as important to outcome in HGG. Navigation 
may be used to locate or tailor the bone flap, locate the tumor, or assist with assessment of resection 
completeness. It is important for the surgeon to consider the impact of gross brain movement due to 
loss of cerebrospinal fluid (so-called brain shift) as well as local tissue distortions when navigating 
using preoperatively acquired imaging. With proper care, use of SNS can limit morbidity and enhance 
resection for some patients with HGG. 

Key Words: Surgery; brain biopsy; stereotaxic techniques; craniotomy; ommaya reservoir; 
intraoperative MRI; stereotactic radiosurgery. 

INTRODUCTION 

The principal surgical procedures for malignant gliomas are biopsy and craniotomy for 
debulking and cytoreduction ( 1 - 5 ). Biopsy has evolved from open or free-hand procedures 
solely for histologic diagnosis to precise, image-guided techniques using frame or frameless 
stereotaxy for both histologic and molecular diagnosis ( 2 , 6 - 12 ). Traditional associated pro- 
cedures include tumor cyst aspiration ( 13 ), placement of catheters for attachment to subcuta- 
neous reservoirs or diversion systems (shunts) ( 13 , 14 ), placement of radioactive “seeds” for 
brachytherapy ( 15 , 16 ), and injection of chemotherapeutic agents. Placement of catheters for 
convection-enhanced delivery of a new generation of antitumoral agents is emerging as an 
important new procedure for the treatment of malignant gliomas ( 17 - 22 ). 

The era where the “only good craniotomy is a big craniotomy” for brain tumor has been 
supplanted by one where minimal access craniotomies guided by surgical navigation systems 
are the standard for elective resection of high-grade gliomas ( 5 , 23 - 32 ) and may be augmented 
by intraoperative imaging such as magnetic resonance imaging (MRI) ( 33 - 47 ). The impor- 
tance of aggressive, safe resection of these tumors is now supported by class I evidence ( 48 , 
49 ) and new methods of optimizing extent of resection of enhancing tumor are on the horizon. 

In this chapter the basic principals of these common surgical procedures are reviewed and 
emerging applications explored. 
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STEREOTACTIC BRAIN BIOPSY 
General Principals 

Soon after the development of computerized imaging techniques such as computerized 
tomography (CT) and magnetic resonance imaging (MRI), surgeons began to devise meth- 
ods of extracting the inherent 3-dimensional (3D) information within these image data a 
nd use them to direct surgical procedures using frame-stereotactic techniques ( 1 , 5 , 50 - 53 ). 
Fore-most among these procedures was brain biopsy for the purpose of histologic diagno- 
sis. Advances in technologies allowed for the development of stereotaxy systems without 
frames ( 23 , 25 , 26 , 54 - 57 ). Today, most image-guided stereotactic brain biopsies are per- 
formed using guidance from surgical navigation systems (SNSs) or so-called “frameless 
stereotaxy” ( 8 - 10 , 58 - 62 ). Regardless of whether frames are used or not, the general prin- 
cipals of biopsy target and trajectory selection are constant, as are many nuances of the 
surgical procedure. 

Patients selected for stereotactic brain biopsy are typically those where a histologic diag- 
nosis is desired, the outcome of that diagnosis will potentially change management, and open 
surgical tumor resection is either not necessary or desirable — on the basis of location, co-morbidi- 
ties, or possibility that the lesion is better treated nonsurgically (e.g., primary central nervous 
system lymphoma [PCNSL], Today, additional molecular information may also be a motiva- 
tor for biopsy, such as determining the status of chromosomes lp and 19q in anaplastic 
oligodendroglioma where their loss is predictive of chemosensitivity and overall better prog- 
nosis with treatment ( 63 ). 

Once the decision for biopsy has been made, then a target needs to be selected. Most high- 
grade gliomas (HGG) enhance, at least peripherally, and some authors advocate targeting the 
peripheral rim of enhancement in ring-enhancing tumors. Others prefer to target the center, 
even if necrotic, and then advance or withdraw the biopsy device based on intraoperative 
frozen section to obtain diagnostic tissue. In this manner, the ability to eventually obtain 
diagnostic tissue is virtually assured (unless prevented by early bleeding) ( 64 ) and the chance 
for missing the edge of the tumor (owing to the small but real errors in sterotactic application 
accuracy) is obviated. In nonenhancing tumors or otherwise homogenously appearing lesions, 
additional neuroimaging studies such as positron emission tomography using radiolabeled 
flurodeoxyglucose (FDG-PET), magnetic resonance spectroscopy (MRS), or magnetic reso- 
nance perfusion or CT blood volume may provide more rational targets than identifiable on 
conventional CT and MRI ( 7 , 65 - 72 ) Angiography is not routinely used. 

The general principles of trajectory planning include (in order of importance) avoiding 
vascular structures, avoiding eloquent brain, and minimizing the length of the surgical trajec- 
tory. A corollary to the first principle is to avoid traversing multiple pial or ependymal planes 
as MRI-occult, relatively immobile vessels often reside on these surfaces. 

Our preferred technique and results for performing stereotactic brain biopsy using SNS has 
been reported elsewhere and a brief review is presented here ( 2 ). Markers (“fiducials”) are 
affixed to the scalp with adhesive or cyanoacrylate. We often will also mark the outline of the 
fiducial with indelible ink as a reference should the fiducial fall off prior to surgery. When an 
ultra-high accuracy biopsy is necessary (such as for some brainstem and posterior fossa 
procedures), then skull implanted fiducials are placed, typically the day of surgery, resulting 
in accuracy that equals or exceeds that of conventional frames ( 73 - 77 ). The appropriate image 
studies are obtained. This is usually a T 1 -weighted volume acquisition after administration of 
intravenous gadolinium contrast. A target and trajectory are selected (Fig. 1). 
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Fig. 1 . Plan for biopsy of a high-grade gliomas as presented on a contemporary surgical navigation 
system. 


Although many surgeons perform these procedures with the patient under a local anesthetic 
with sedation, the author prefers a general anesthetic so as to avoid potential self-extraction 
from a frame or fixation device either from agitation or seizure, and to avoid emergency 
intubation in the event of significant hemorrhage. Contemporary neuroanesthetic techniques 
are sufficiently advanced to the point that we have not seen complications related to the use 
of general anesthetic in this setting. For frameless biopsies, the head is secured in a three-point 
fixation device and a dynamic reference frame (DRF) attached to allow the SNS to track head 
movements during the procedure (Fig. 2). 

The fiducials and images are co-registered using the methodology of the specific stereotac- 
tic system and the surgical trajectory mapped onto the patient’s scalp. Flair in the immediate 
region is clipped ( 78 ), the scalp cleansed with and iodine-containing solution, and the area 
draped. Often an “eye drape” is used to define the surgical field. Although some surgeons 
perform bur holes, it is the belief of the author that twist drill holes are sufficient in the vast 
majority of cases. An approximate 1-cm incision is made, centered on the surgical trajectory. 
The twist drill is guided by an apparatus which has been adj usted using the target and trajectory 
features of the navigation system ( 79 ) and the inner table perforated. The dura is then punc- 
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Fig. 2. General setup for stereotactic procedures on HGG using surgical navigation. The head is 
secured in a three-point fixation device to which a dynamic reference frame is attached (not shown) 
that allows compensation for head movement. An extra-large instrument holder secured to a stereo- 
tactic guide block can be used to accurately direct a biopsy instrument to the target in a high-grade 
gliomas. 


tured using electrocautery. A preset depth for the biopsy instrument can be determined from 
information provided by the SNS, or the biopsy device may be attached to encoders that allow 
it to be tracked in real time using the SNS. The (side cutting) instrument is advanced to the 
target site and specimens (usually two) are obtained for histologic review. We prefer frozen 
section analysis although many centers use cytologic smear techniques ( 80 ). If the tissue is 
nondiagnostic, adjustments are made to the depth of the biopsy instrument, usually at 1-cm 
increments). If nondiagnostic because of necrosis, the author usually starts to withdraw the 
instrument, however if nondiagnostic because of gliosis, the author may be more likely to 
advance if it is suspected that the device is shallow becuase of brain sagging resulting from 
gravity and loss of cerebrospinal fluid (CSF). The surgeon should carefully inspect the surgi- 
cal trajectory to discern the likelihood of being too deep, shallow, or a true “miss” to some side. 

If venous bleeding is encountered it can usually be managed by a combination of head 
elevation, irrigation of the outer lumen of the biopsy instrument using a narrow gage spinal 
needle, and periodic mechanical clearing of the lumen with a stylet ( 81 ). These procedures are 
continued until fluid in the canula remains clear and pulsates with the cardiac cycle. These 
procedures rely on the opening of the biopsy instrument’ s outer cannula being left at the original 
site of biopsy and not rotated or withdrawn. Arterial bleeding may require additional efforts 
such as pharmacologic lowering of blood pressure and direct injection of small volumes of 
thrombin ( 81 ). These methods only work if the source of the bleeding is local. If bleeding 
results from remote avulsion of the vessel, the outcome is often catastrophic or may require 
emergency craniotomy. Once controlled, intraoperative bleeding does not necessarily mean 
that further biopsies cannot be considered (but usually not at the same site) — the surgeon 
should balance anticipated risk vs need for diagnosis. Immediate postoperative imaging should 
be considered in patients with significant bleeding during the procedure and/or new deficit. 
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When satisfactory tissue has been obtained and hemostasis secured, the biopsy instrument 
is withdrawn, the scalp closed with vertical interrupted mattress sutures, the hair washed with 
shampoo, and a small dressing stapled in place. The head is removed from the fixation device 
and the patient awakened. A CT scan without contrast is obtained about 2 h later. If the CT 
shows no evidence of bleeding (or blood less than 1 cm in maximum dimension), the patient 
is neurologically unchanged from their preoperative status, and there was not intraoperative 
bleeding, the patient is sent to a regular nursing floor. In some cases, discharge home the day 
of the procedure may be reasonable ( 60 , 82 ), although outpatient stereotactic brain biopsy is 
not currently reimbursed by the Centers for Medicare and Medicaid Services. 

Contemporary series of stereotactic brain biopsies are diagnostic in 90 to 1 00 percent of 
cases with serious morbidity or mortality less than 10 and 1% percent, respectively 
( 1 , 2 , 5 , 7 , 9 , 10 , 60 , 61 , 64 , 81 - 83 ). Intracranial infections such as abscesses or meningitis are 
rare. Sampling error (i.e., underestimating the maximum grade of the lesion) may occur in 10 
to 20% of cases ( 67 , 71 ) but may be mitigated by use of some of the enhanced targeting 
techniques cited above ( 59 , 66 , 69 , 70 ). 

Stereotactic brain biopsy has evolved into a relatively safe, accurate means to establish the 
histologic and molecular diagnosis of high-grade gliomas. Methodologies using nonlinear 
stereotaxis ( 84 ) or robotics ( 85 ) may further enhance the efficacy and safety of brain biopsy 
and related procedures. 


Related Procedures 

Cyst Drainage and Subcutaneous Reservoir 

HGG are not infrequently associated with cyst formation. The rates of production and 
consistency (thin vs viscous) of the fluid are quite variable. The stereotactic techniques of 
biopsy cited above can be directly applied to drain a cyst as a one time procedure (with or 
without instillation of a chemical or radioactive agent — rarely used for HGG). Typically, 
these cysts are recurrent and placement of a catheter coupled to a subcutaneous reservoir may 
allow for episodic drainage of the cyst without resorting to additional operative procedures 
( 13 , 14 ). Such devices work well for cysts where the fluid accumulates relatively slowly or is 
too viscous for continuous drainage (as with a shunt). Similarly, catheters may be implanted 
into cerebral ventricles, or other diversion procedures performed such as third ventriculos- 
tomy, when normal CSF outflow has been obstructed by tumors thereby resulting in a “trapped” 
ventricle ( 86 , 87 ). It is important to remember that the portion of the catheter that is to allow 
for drainage should be targeted for the center of the cyst and that the depth should be referenced 
to some rigid cranial or extracranial reference. If referenced to the visible surface of the brain 
after the brain has begun to sag (shift) from gravity and loss of CSF, the ultimate location of 
the catheter may prove to be too deep. Also, the catheter should be secured well at the surface 
of the skull so that it is not pushed deeper when the scalp is closed. After successful drainage, 
new cysts may form or the device may become infected or blocked requiring revision of the 
system. Nonetheless, stereotactic placement of intratumoral catheters for continuous or epi- 
sodic percutaneous drainage are important surgical tools in the management of some HGG. 

Brachytherapy 

The notion that a strategic boost of radiation dose to the enhancing tumor or resection bed 
(where most recurrences occur) was the basis for brachytherapy as a treatment for newly 
diagnosed or recurrent malignant gliomas. Despite much enthusiasm in the early 1990s that 
the temporary implantation of high-activity radioactive seeds in such situations may lead to 
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Fig. 3. An implanted balloon for liquid brachy therapy of HGG as shown on a T2- weighted MRI. 
Although initial results appear promising, this was also true for other forms of brachytherapy and 
stereotactic radiosurgery and was subsequently disproved when subjected to randomized trials. 


improved outcome in patients with HGG ( 88 - 90 ), subsequent randomized trials have failed 
to find a survival advantage from this type of brachytherapy ( 91 , 92 ). In fact, dose escalation 
by this or any other means beyond contemporary radiotherapy (e.g. , stereotactic radiosurgery) 
has not been shown to be of benefit when subjected to randomized trials ( 93 , 94 ). The extended 
survival of patients with grade III or IV gliomas found in most series appears to have resulted 
largely from selection bias. As such, brachytherapy with temporary sources is rarely used 
today for HGG because of its high toxicity, apparent ineffectiveness, and the existence of other 
means to deliver regional radiation boosts less invasively. Stereotactic techniques have also 
been used for implantation of permanent radioactive seeds and new devices use liquid 
brachytherapy temporarily placed in balloons within tumor resection beds (Fig. 3 ) ( 95 ) and 
although the results again appear promising, their efficacy has not been established by class 
I evidence. 

Convection Enhanced Delivery (CED) 

Several new “targeted” therapies of malignant gliomas require unusual means of delivery 
so as to avoid systemic complications and optimize delivery not only to solid tumor, but to 
the brain around tumor harboring infiltrating tumor cells. Delivery of an agent as a single 
bolus results in limited penetration and exponential falloff of dose as its distribution is through 
the process of diffusion. Continuous, slow infusion of a stable substance, capable of distri- 
bution through the extracellular matrix of the brain, at rates that do not produce cavitation and 
cyst formation allows for high concentrations to be delivered centrimeters away from the 
point of infusion ( 17 - 22 , 96 ). This process, typically known as convection enhanced delivery, 
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Fig. 4. (A) FLAIR image of temporal lobe prior to catheter placement for convection enhanced delivery 
(CED) of immunotoxin. (B) FLAIR image of same patient after 4 d of CED — note wide distribution of 
fluid as shown by region of high signal. Arrow points to catheter. 


is becoming increasingly important and may become a common means of treating HGG in the 
near future. Although the technique remains relatively new, several observations regarding 
this approach appear valid. The catheter itself should be small with a single outlet at its tip. 
This point of delivery should be within the white matter and not tumor. The length of catheter 
from the tip to any pial surface should be sufficiently long to preclude backflow of the infused 
agent into the subarachnoid space with associated loss of diffusion and possible local surface 
toxicides (Fig. 4). 

Prediction of distribution of the infusion remains difficult as is optimal selection of catheter 
placement. Computerized approaches of predicting flow and, therefore, ideal catheter place- 
ment are underway and may make CED more reliable and effective as a means to deliver local 
therapies of high-grade gliomas. 

MINIMAL ACCESS CRANIOTOMY 
General Principals 

Traditionally, large craniotomies were necessary when operating on FIGG because these 
were largely exploratory procedures, guided only by the inferences of the neurologic exami- 
nation, angiography and ventriculography ( 30 , 32 ). Surface features such as the presence of 
arterialized veins or other alterations in appearance such as color or texture could indicate the 
location of a subcortical tumor, often supplemented by palpation. Hemostatic and anesthetic 
techniques were also less advanced and a large craniotomy was thought to facilitate access to 
potential sources of bleeding and managing intraoperative brain swelling. 
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The development of computerized imaging such as CT and the application of frame then 
frameless stereotactic guidance has led to an era where the size of craniotomies have become 
minimal — often just a few centimeters in diameter when accessing a deep tumor, and j ust large 
enough to encompass one that comes to the surface of the brain (5,23,27,28,58). A thorough 
discussion on the topic and approaches of craniotomy for malignant gliomas is beyond the 
scope of this chapter, however general principles are presented. 

Extent of Resection 

It is accepted that surgical resection of a HGG is often beneficial when a percutaneous 
stereotactic biopsy is too risky, or when the patient is symptomatic from mass effect or medi- 
cally refractory seizures. However, the concept that removing the majority of a HGG improves 
prognosis has been controversial for decades because of the lack of class I evidence (48) 
despite a wealth of, at times conflicting, reports on the topic (97-100). Although the prepon- 
derance of literature, particularly in recent years, support the observation that near complete 
resection of a HGG improves survival, virtually all are plagued by the possibility that an 
insidious selection bias has skewed the results. That is, those patients that will inherently live 
longer will be those that have disease where near-total resections are feasible either on ana- 
tomic grounds (e.g., unifocal, accessible, and unilateral) or where a more aggressive approach 
would be favored (e.g., younger age, better performance status, good general health — “good 
surgical candidate”). It has only been recently that there is class I evidence to support this long 
held belief that aggressive, safe surgical resection is an important favorable prognostic factor, 
even in the elderly (49). 

Given that aggressive, safe resection of enhancing high-grade tumor is desirable (and 
presumably the bulk of the rare, nonenhancing HGG), it is natural to use guidance adjunct to 
enhance the extent of tumor that can be safely be removed. Today most surgeons use surgical 
navigation for these purposes. 

NAVIGATION-ASSISTED MINIMAL ACCESS CRANIOTOMY 
Preoperative Planning 

MRI remains the cornerstone of preoperative decision making and planning in surgery for 
HGG. The location of the tumor is generally clear (although subtleties of anatomy can be 
distorted beyond recognition) and the function of surrounding brain tissues inferred (101). 
Lesions that cross the midline or have substantial ependymal or leptomeningeal involvement 
are often treated less aggressively or denied surgery at all. Further information on cortical 
function can be obtained by functional MRI. However, the spatial resolution of fMRI is 
limited to about 1 cm and likely relates to changes in venous blood oxygenation downstream 
from the actual site of neural activation. Previous surgery or radiotherapy may lead to inac- 
curate localization or lateralization of function. Nonetheless, fMRI is often a valuable tool in 
the overall planning of a case and determining the need for and nature of intraoperative 
neurophysiology and awake techniques (37). 

Conventional navigation imaging (usually high-resolution volume MRI with contrast) pro- 
vides substantial anatomic data on surface and ventricular anatomy (Fig. 5), but little infor- 
mation on white matter tracts. Diffusion tensor imaging is a specialized MRI method of 
extracting directional water diffusion information that correlates with the directionality of 
white matter tracts ( 102,103). These data are often color coded to denote tracts that are left- 
right, front-back, or up-down (and vice versa) in their orientation. The method can be taken 
a step further to track these neural bundles by placing a “seed” along a tract, then allowing the 
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Fig. 5. Volume MRI with contrast showing relationship of HGG to surface and ventricular anatomy. 


computer to trace a “fiber” along that bundle. So-called “fiber tracking” may allow for better 
visualization of the distortion, displacement or replacement of key pathways by HGG and 
allow for better planning and decisions regarding intraoperative white matter stimulation 
( 104 ) awake craniotomy or other monitoring techniques (Fig. 6). 

Taking structure and function into account, a surgical plan is devised — usually placing a 
target within the lesion and defining a safe entry corridor if the lesion is subcortical. Most of 
these procedures are done with the patient under a general anesthetic. The head is secured in 
a fixation device to the operating table and the dynamic reference frame secured to the fixation 
device. (For awake procedures the fixation device is still used as a mounting point for the DRF, 
but it is not secured to the table, but allowed to “float” on a pillow.) The scalp fiducials are 
touched with the SNS pointing device (usually a hand-held wand) and co-registered with their 
locations on the image data sets. The wand is used to map the surgical trajectory onto the 
patient’s scalp and define the boundaries of the craniotomy. The craniotomy need be large 
enough to encompass the surface component of the tumor and can be as small as 3 or 4 cm in 
diameter when the lesion is deep. Oblique or wand oriented displays are generally better used 
for this purpose than the standard triplanar (axial, coronal, sagittal) display. 
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Fig. 6. Diffusion tensor imaging derived “fiber tracking” showing the corticospinal tract “split” and 
displaced by intervening tumor in motor strip {arrow). 


The author generally prefers linear, 5-shaped (greater width for length), or curvilinear 
incisions depending on location and cosmetic considerations (Fig. 7). It is our impression that 
they heal better and that they also allow for greater flexibility at time of reoperation where 
the tumor may no longer be within the confines of a horseshoe or other “flap.” Hair is typically 
clipped in a narrow strip ( 78 ) along the incision and, the wound cleansed and draped. Muscle 
is divided or reflected as indicated and the navigation device used to map out the extent of 
the craniotomy. One or more burr holes are fashioned and a craniotome used to create a free 
bone flap. For parasagittal tumors such as HGG in the superior frontal or parietal gyri, 
navigation is used to identify the true location of the superior sagittal sinus and the bone flap 
created lateral to the sinus. The bone flap need be large enough to allow direct access to the 
tumor that comes to the underlying brain surface and can be more limited in size (2-3 cm) 
when the tumor is entirely subcortical. For frontal or temporal lobectomies the bone flap is 
centered at the posterior superior aspect of the lobectomy. Navigation is used to confirm the 
superficial tumor boundaries — generally these respect sulci, at least in part. It is probably 
safer to perform subpial dissections in these areas rather than dissect the sulcus and risk 


Fig. 7. (opposite page) Typical sequence of steps in a minimal access craniotomy. (A) Fiducials are 
placed in stereotypical manner. (B) Hair is clipped along prospecitive linear incision. (C) Retractors are 
placed. 



Chapter 12 / Surgical Techniques 


223 






224 


Part IV / Barnett 




Fig. 7. (continued) Typical sequence of steps in a minimal access craniotomy. (D) A small craniotomy 
is fashioned and dural tacking sutures placed. (E) The dura is opened in a cruciate fashion. 


vascular injury, however this is not always possible if the tumor has infiltrated the pia. Using 
navigation, the superficial boundary is usually entirely defined and then dissection carried 
deeper. Often there is a clear textural or visual difference between the solid, enhancing tumor 
and the surrounding “brain around tumor” (BAT), although this may be subtle and this region 
may be more or less firm than the BAT. The region of enhancement usually has neovascu- 
larization that is apparent under magnification. If the tumor has gross necrosis it is important 
to remove not only it, but also the enhancing tissue around it. Often it is necessary to amputate 
the superficially defined tumor in order to work at depth. When a gross total or maximal 
resection has been achieved, it is worthwhile to sweep the tumor cavity with the navigation 
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Fig. 7. (continued) Typical sequence of steps in a minimal access craniotomy. (F) The tumor is resected 
in an en bloc fashion (inset). Cerebrotomy is directed between large surface veins. (G) Closure (left) and 
dressing (right). 


wand to look for regions that may have escaped resection, particularly projections of tumor 
beyond the more spherical core. It is important to bear in mind that resection will cause the 
tumor cavity not only to shift in location as the brain sinks (so-called “brain shift”) but also 
to contract such that the navigation system will suggest that there is more tumor beyond that 
that truly remains in most cases. The author has found that filling the cavity with large cotton 
balls will re-expand the cavity to roughly its preoperative dimensions and allow for more 
useful information from navigation at this point. Of course, intraoperative imaging (i.e., CT, 
ultrasound, and MRI) can also be used as a reality check at this time ( 33 - 35 , 38 , 44 ). Methods 
to mathematically predict brain shift remain investigational ( 105 , 106 ). Also, prior to resec- 
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tion and significant shift, catheters or other small markers may be placed stereotactically 
around the periphery of the tumor, thereby providing landmarks that are, more or less, inde- 
pendent of shift ( 68 ). Recent trials of a fluorescent agent to visually indicate the location and 
extent of residual HGG have proved promising as a means to maximize resection ( 107 ). 

Intracavitary treatment can be considered before closure. This includes biodegradable 
wafers laden with a chemotherapeutic agent, intraoperative radiotherapy, placement of a 
container for postoperative liquid brachytherapy, or catheters for CED as discussed above. 
Although a water-tight closure is often desirable, dural approximation followed by layers of 
fibrin glue and cellulose gel, compressed by a securely affixed bone flap provide good pro- 
tection against postoperative CSF leakage. The scalp is closed with a running vertical mattress 
suture providing a combination of an excellent cosmetic result and an additional barrier to 
fluid leakage. The scalp and hair are washed with shampoo, rinsed, and a sterile dressing 
stapled in place. The overall technique is modified as necessary depending on the specifics of 
the case and surgical findings. 

Postoperatively, and barring complications, the patient is observed overnight in the recov- 
ery room or intermediate care unit. The next day he or she is then mobilized, a new baseline 
MRI obtained, and Doppler ultrasounds of the lower limb veins obtained to test for deep vein 
thrombosis. Previous assessments have shown that most patients are discharged within a few 
days of surgery. If there are new deficits, imaging should be obtained to try to determine if this 
is likely temporary or permanent, and the appropriate support services (e.g., physical, occu- 
pational, or speech therapy) consulted and rehabilitation assessments obtained. 

CONCLUSIONS 

Surgery for HGG is useful in the diagnosis and treatment of these disorders. When feasible, 
aggressive resection of the enhancing component appears to improve outcome over biopsy 
alone. Advanced applications such as convection enhanced delivery of selective agents are 
promising new techniques in the treatment of these disorders. 
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Summary 

The role of radiation therapy in the management of high-grade gliomas was established by a 
series of prospective randomized trials. Subsequently, numerous attempts to improve outcomes with 
dose escalation, radiation sensitizers, neutrons, and brachytherapy have been unsuccessful. The lack 
of success with these approaches may be a consequence of poor target volume definition, tumor 
repopulation, or innate radioresistance. Until recently, the role of chemotherapy in the management of 
glioblastoma multiforme was unclear, but a large phase III randomized trial conclusively demonstrated 
a survival advantage of temozolomide delivered concurrently with radiation and in the adjuvant set- 
ting. The role of chemotherapy in the management of anaplastic astrocytoma and anaplastic 
oliodendroglioma remains to be defined. Current focus is on the identification of molecular pathways 
unique to high-grade gliomas that may serve as targets for future therapeutic agents. 

Key Words: Glioblastoma multiforme; anaplastic astrocytoma; anaplastic oligodendroglioma; 
radiation therapy. 


INTRODUCTION 

The role of postoperative radiation therapy (RT) for high-grade gliomas (HGG) has been 
established through prospective randomized trials. The survival benefit is clear, but modest. 
Institutional dose escalation experience for World Health Organization (WHO) grade IV 
glioblastoma multiforme has been promising, but larger randomized trials have not demon- 
strated a benefit beyond 60 Gy. This may be a consequence of inadequate imaging resulting 
in poor target definition, relative radioresistance, accelerated tumor repopulation, patient 
selection differences between phase II and III trials, or the innate biases inherent in uncon- 
trolled phase II trials. Most clinical trials of adjuvant chemotherapy for GBM have not yielded 
statistically significant clinical benefit, although some advantage is deduced from meta-analy- 
sis of these trials. A recent phase III trial has demonstrated that the addition of temozolomide 
(TMZ) to radiotherapy produces a survival advantage. However, this benefit is still modest 
and in order to rapidly evaluate novel agents and conserve clinical resources, the Radiation 
Therapy Oncology Group (RTOG) has devised the recursive partitioning analysis (RPA) 
classification model to which results of smaller, but appropriately powered phase II trials are 
compared, with the expectation that this “screening” process might yield promising agents 
which would subsequently be evaluated in larger phase III trials. 

Patients diagnosed with WHO grade III anaplastic astrocytoma (AA) have a significantly 
better prognosis than GBM; however, dose intensification with particle therapy, brachytherapy, 
radiosensitizers, or chemotherapy has not shown a conclusive clinical benefit, and in fact, 
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there is even a suggestion that these intensification approaches might paradoxically have 
resulted in a reduction in survival. Randomized clinical trials have failed to show categorical 
benefit from chemotherapy, although a recent meta-analysis suggests a small benefit. Cur- 
rently there is significant interest in incorporating TMZ for these tumors, and randomized 
clinical trials are ongoing. 

WHO grade III anaplastic oligodendroglioma (AO), both pure and mixed (but with a pre- 
dominant oligodendroglial component) represent a very unique tumor with specific chromo- 
somal abnormalities which predict for improved outcomes with the use of chemotherapy or 
radiotherapy. The RTOG recently reported on a large, randomized trial in which adjuvant 
procarbazine, carmustine and vincristine (PCV) was not shown to be of benefit in terms of 
overall survival, although progression-free survival was somewhat improved, especially for 
AO patients with loss of at least one copy of lp and 19q. There are preliminary data establish- 
ing the activity of TMZ for this disease and hence there is significant interest in further 
defining the value of this agent for AO. 

GLIOBLASTOMA MULTIFORME 

The role of postoperative radiation therapy for patients with GBM was established by a 
landmark randomized trial that compared best supportive care to carmustine (BCNU) and/or 
external beam radiation to a dose of 50 to 60 Gy (1). Postoperative RT was associated with 
a median survival time (MST) of 35 wk compared with 14 wk for best supportive care. The 
combination of BCNU and RT did not improve median survival but did increase survival at 
1 8 mo. These results were validated by studies reported by Kristiansen et al. (2) and Andersen 
et al. (3), both reporting significant improvement in survival with the addition of posterative- 
operative RT. Laperriere et al. analyzed six published randomized trials of postoperative RT 
compared with best supportive care for patients with GBM and demonstrated a relative risk 
of survival of 0.8 1 with the addition of postoperative RT (4). The results of these randomized 
trials are summarized in Table 1. 

Dose Response Relationship 

The Brain Tumor Study Group (BTSG) also reported a radiotherapy dose vs response 
relationship, with patients receiving 60 Gy having a MST of 42.0 wk compared with a MST 
of 28.0 wk for patients receiving 50 Gy and a MST of 13.5 wk for patients receiving < 45 Gy 
(5). These data are summarized in Table 2. These results were corroborated by a United 
Kingdom Medical Research Council (UKMRC) trial which randomized patients to 45 Gy in 
20 fractions and 60 Gy in 30 fractions and demonstrated that patients in the higher dose arm 
had a significantly longer MST (12 -9 mo; p = 0.007) (6). Phillips et al. performed a random- 
ized trial comparing 35 Gy in 10 fractions ( n = 32) to 60 Gy in 30 (n = 36) fractions for patients 
with GBM and AA and demonstrated a MST of 8.7 mo (7.4-10.7 mo) with the former regimen 
and 10.3 mo (7.8-14.0 mo) with the latter regimen. These results were not statistically signifi- 
cant {p = 0.37), likely a result of the small number of patients in each arm (7). 

These early trials frequently involved treatment of the entire brain. The advent of computed 
tomography (CT) and magnetic resonance imaging (MRI) facilitated improved tumor local- 
ization and advances in treatment planning allowed delivery of conformal radiotherapy to 
precisely defined volumes. Additionally, the work of Kelly et al. (8) and Hochberg et al. (9) 
demonstrated that microscopic extension is predominantly confined to a few centimeters 
around the enhancing tumor and the primary site of treatment failure is recurrence at the 
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Table 1 

Randomized Trials of Postoperative Radiotherapy 

Ref 

n 

Randomization scheme 

Results 

(1) 

222* 

Postoperative BCNU, RT, BCNU 
+RT, or best supportive care 

Patients receiving RT had significantly longer 
MST (35 wk) than patients receiving 

BCNU alone (MST 18.5 wk) or best 
supportive care (MST 14.0 wk) 

(p = significant) 

(2) 

118 

Postoperative RT, RT + bleomycin, 
or supportive care 

MST with RT alone 10.2 mo compared with 

5.2 mo with supportive care (p = significant) 

(3) 

108 

Postoperative RT compared to best 
supportive care 

Postoperative RT significantly improves 
survival compared to best supportive care 
(p < 0.05) 

(37) 

33 

Postoperative RT and BCNU 
compared to BCNU alone 

MST with BCNU alone 30 wk compared with 
44.5 wk for RT + BCNU (p = ns) 

(38) 

171 

Postoperative PCV ± RT 

MST with PCV alone 42 wk compared with 

62 wk for PCV+ RT (p = .028) 

(39) 

358* 

Postoperative Semustine, RT, 
Semustine +RT, BCNU +RT 

Patients receiving RT had significantly longer 
MST(36-51 wk) than patients receiving 
Semustine alone (MST 24 wk) 

(p = significant) 


* Valid study group. 


Table 2 


Radiotherapy Dose Vs Response Relationship for GBM 


Dose (Gy) 

MS (wk) 

25% Sun’ 

P 

0 

18 

N/A 

N/A 

<45 

14 

N/A 

Ns 

50 

28 

52 

<0.001 

55 

36 

57 

<0.001 

60 

42 

68 

<0.001 


Abbr: MS, median survival; 25% Surv, 25th percentile survival. 


original tumor site in 90% of patients. These findings support the role of partial field irradia- 
tion. This was prospectively evaluated by Shapiro et al. in the Brain Tumor Cooperative Group 
Trial (BTCG) 8001 which randomized patients to three different chemotherapy regimens 
(10). In the early years of the trial all patients were treated with whole brain radiation to 
60.2 Gy but later patients were randomized to whole brain radiotherapy or whole brain 
irradiation to 43 Gy with a boost of 17.2 Gy to the preirradiation contrast enhancing volume 
with a 2-cm margin. They reported no significant difference in survival between the different 
radiation volumes. 


Dose Escalation 

In most biological systems, radiation exhibits stochastic properties. In cell-culture sys- 
tems, when survival curves as a function of dose are generated, a dose-dependant response, 
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Fig. 1 . Radiation therapy dose response relationship. 



with an initial “shoulder” and subsequent slope is clearly identified. These cell-survival curves 
are best described by a linear-quadratic function. In the human context, very clear dose- 
dependent phenomena such as hair loss, cataract formation, skin reactions, and xerostomia can 
be quantified. These clinical dose-response curves are characterized by a sigmoidal shape, 
with low doses initially producing a relatively flat response curve, but demonstrating an 
upward response-inflection after a certain threshold dose, beyond which the response slope 
is large for a minimal change in dose; at much higher doses, there is a flattening of the curve, 
resulting in lower incremental gain. One example of such a dose-response relationship is 
illustrated in Fig. 1. For malignant brain tumors such as GBM, most therapeutic trials have 
explored the 0 to 60 Gy dose range, a few hyperfractionation trials have explored doses up 
to 80 Gy and brachytherapy trials have reached 100 to 120 Gy. Although the dose-response 
phenomenon across this large range has not been prospectively evaluated, a review of the 
composite data from various clinical trials and institutional experiences (Fig. 2) suggest 
the possibility of a shallow dose-response effect. 

Based on these composite data, one may hypothesize that further improvement in clinical 
results may be possible with dose escalation beyond the conventional 60 Gy. Flowever, in a 
recent phase I trial from the University of Michigan, no clear survival benefit was identified 
for GBM patients receiving doses approaching 90 Gy ( 11 ). The failure to demonstrate any 
survival advantage with dose escalation in large randomized and some institutional trials is 
possibly a result of one or more of the following barriers: (1) inadequate imaging resulting in 
a geographic miss, (2) innate tumor radioresistance, and (3) accelerated tumor repopulation. 

Geographic Miss 

Current radiotherapy planning incorporates MRI data to determine treatment volumes. 
Initially, a large field encompassing the T2-signal abnormality including surrounding edema 
with a 2- to 3-cm margin is treated to 45 Gy with a subsequent boost to the T1 -contrast 
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Fig. 2. Composite data of clinical outcomes with dose escalation. 


enhancing region with a 1 - to 2-cm margin for a total dose of 59.4 Gy. The accurate definition 
of these fields, especially the boost field, is critical. Otherwise, a geographic miss will result. 
The likelihood of a geographic miss with whole brain radiation may seem implausible, but 
many of these trials boosted regions with a high likelihood of microscopic disease. If there is 
viable tumor outside of the boost region then the treatment is destined to fail. 

Magnetic resonance spectroscopy (MRS) is a noninvasive imaging tool that can distinguish 
between tumor bearing regions, normal tissues, and necrosis based on the metabolic profile 
of the tissue. The three main cerebral metabolites are choline-containing compounds (Cho), 
the total creatine pool, and A-acetylaspartate (NAA). An increase in Cho containing com- 
pounds relative to NAA correlates closely with tumor infiltration; a corresponding increase 
in creatine predicts for a malignant neoplastic process such as GBM. Researchers at the 
University of California San Francisco (UCSF) compared radiotherapy planning based on 
standard MRI to MRS for 34 patients with HGG ( 12 ). In their study, they found that metaboli- 
cally active tumor extended outside the T2 region in 88% of patients. Additionally, defining 
the boost volume as the T1 -contrast enhancing region with a 2-cm margin missed metaboli- 
cally active tumor by as much as 2.8 cm. 

To demonstrate the importance of MRS in predicting clinical outcomes, Graves et al. 
performed MRS and standard MRI on patients with recurrent GBM who met criteria for 
gamma- knife radiosurgery ( 13 ). Patients were planned using MRI data. Based on the results 
of the preradiosurgery MRS, patients were scored as 0 to 1 (pretreatment MRS confined to the 
radiosurgery target) and 2 to 3 (pretreatment MRS was beyond the radiosurgery target by <5 
or >5 cm, respectively). Patients in category 2 to 3 had a significantly shorter time to progres- 
sion and lower 1-yr survival time. These data clearly suggest that conventional MRI is likely 
inadequate at identifying the true extent of tumor that needs to be boosted; as long as this 
remains poorly defined, radiotherapy is doomed to fail, irrespective of dose. 

The use of positron emission tomography (PET) with radiolabeled 2- [18F] fluoro-2-deoxy- 
D-glucose (FDG) has been used clinically to determine sites of metastatic disease based on the 
principle that tumor cells will incorporate more glucose within the cell and metabolize it more 
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rapidly than normal cells. Its utility in gliomas is limited secondary to increased background 
cortical activity that makes it difficult to delineate tumor volumes. Jacobs et al, examined 
combining MRI, FDG-PET, PET with radiolabeled methyl-[ n C]-L - methionine (MET) or 
radiolabeled 3’-deoxy-3'-[18F]fluoro-L-thymidine (FLT) and demonstrated that the latter 
twoO modalities were very sensitive noninvasive modalities for imaging gliomas (14). Inves- 
tigators at the University of California Los Angeles (UCLA) have utilized F- 1 8 dopa imaging 
for gliomas with promising preliminary data; these advances may afford imaging technologies 
with superior ability to distinguish the true extent of malignant glioma ( 15). Conventionally, 
PET data have not served as an adequate source for treatment planning because of limited 
anatomic detail; however, with the advent of integrated PET-CT devices, both functional and 
corresponding anatomic data are readily available, which can further be fused to MR image 
sets, thereby providing unprecedented sophistication in the level of detail available for treat- 
ment planning. 

Thus, the incorporation of functional imaging such as MRS and PET into three-dimensional 
(3D) radiotherapy planning has the potential to improve target volume delineation, reduce the 
likelihood of a geographic miss, and may facilitate demonstration of a clinical benefit to dose 
escalation. 

Innate Radioresistance 

To demonstrate improved clinical outcomes from dose escalation, issues regarding the 
radioresistance of the tumor must be addressed. 

Hypoxic Cell Modifiers. From a radiobiological perspective, it is well documented that 
hypoxic cells are more radioresistant, by a factor of 2.5 to 3, compared with oxic cells (16). 
Hypoxia is commonly encountered in malignant glioma, and is believed to result in dys- 
regulation in the expression of hypoxia-induced factor la (HIF1 a), which regulates tran- 
scription of vascular endothelial growth factor (VEGF), a major proangiogenic protein. Thus, 
the fact that hypervascularity, high levels of VEGF expression and hypoxia are all intimately 
linked in GBM is therefore no surprise. Twelve randomized studies of hypoxic cell sensitizers, 
misonidazole, metronidazole, or nimorazole have been conducted. These agents produced 
significant radiosensitization in vitro; however, all of the clinical trials, with the exception of 
one small study, have not detected a significant advantage for hypoxic cell sensitizers. 
Overgaard et al. performed a meta-analysis of these combined trials and did not detect a 
significant survival advantage for hypoxic cell sensitizers in malignant glioma (17). 

RSR 13 is a synthetic allosteric modifier of hemoglobin that reduces its oxygen binding 
affinity resulting in greater unloading of oxygen in tissue. The New Approaches to Brain 
Tumor Therapy consortium (NABTT) conducted a phase II trial utilizing daily RSR 13 prior 
to RT for GBM patients (18). This regimen was well-tolerated and resulted in a median 
survival time of 12.3 mo which compared favorably to results from 3 other trial conducted 
between 1993 to 1999 utilizing Paclitaxel, 9-AC, and CI-980. These data, however, were not 
superior to historic controls from the NABTT database. 

Halogenated Pyrimidines. There has been significant interest in the use of halogenated 
pyrimidines, bromodeoxyuridine (BudR) and iododeoxyuridine (IudR) as radiosensitizers. 
The incorporation of these compounds into DNA of rapidly dividing cells “weakens” the DNA 
structure and makes it mores susceptible to ionizing radiation. Gliomas represent an ideal 
target for the study of such radiosensitizers because highly proliferating tumor cells are 
surrounded by nonproliferating normal brain tissue that shows little to no DNA incorporation 
of the halogenated pyrimidines. Radiosensitizers are only effective in cells that take up the 
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agent. If even 10% of tumor cells do not incorporate the agent, it will be difficult to demon- 
strate any advantage. To maximize the proportion of tumor cells incorporating halogenated 
pyrimidines, a phase I study was conducted utilizing a continuous infusion of IudR for 28 d 
with hyperfractionated accelerated radiotherapy (19). Even with improvement in the pharma- 
cokinetics of IudR with continuous infusion, survival data could not be inteipreted as clini- 
cally advantageous. 

Prados et al. reviewed 2 RTOG trials and the Northern California Oncology Group (NCOG) 
trial that included over 1700 patients to determine the impact of BudR on patients with GBM 
and AA (20) . Univariate analysis favored the use of BudR for GBM patients and proportional 
hazard regression model indicated a benefit for GBM patients receiving BudR (RR = 0.83). 

Motexafin- Gadolinium (MGd). MGd is a unique MRI detectable radiosensitizer that 
depletes ascorbate and co-factor NADPH, which metabolically stresses tumor cells through 
adenosine triphosphate (ATP) depletion and predisposes cells to undergo apoptosis. Recent 
data suggest that MGd inhibits ribonucleotide reductase, a key enzyme that is upregulated in 
most neoplasms to support the enhanced requirement for DNA synthesis. MGd inhibits po- 
tentially lethal damage repair and sublethal damage repair. In preclinical trials it has been 
shown to enhance radiation responses and demonstrates selective uptake and accumulation in 
tumors. Ford et al. reported the results of a phase I trial of 33 GBM patients who received RT 
concurrently with MGd (21) . Kaplan-Meier estimate of MST of 17.6 mo for patients treated 
with MGd compared with MST of 12.9 mo for 33 matched patients in the RTOG database. In 
a recent composite analysis of 56 GBM patients from the preceding phase I trial, together with 
a smaller phase II trial of MGd, the median survival was 14.7 mo. The 45 patients who received 
>6 Orng/kg of MGd had a 6- and 12-mo survival of 93% and 75% respectively (personal 
communication; see Phan, MD, Pharmacyclics Inc; submitted to SNO 2004). 

Radiosensitizing Chemotherapy. The use of low-dose concurrent chemotherapy as a 
radiosensitizer has improved outcomes in patients with head and neck cancer and cervical 
cancer. Stupp et al. tested this hypothesis in GBM patients with TMZ. TMZ is an oral alky- 
lating agent that penetrates the blood-brain barrier (BBB) with a plasma to cerebrospinal fluid 
(CSF) ratio of 30 to 40%. Based on promising phase II trials, Stupp et al. conducted a large 
(n - 573) phase III randomized trial of radiotherapy with or without concurrent TMZ and 
demonstrated a 3 mo improvement in both median and overall survival (MST: 12-15 mo; p 
< 0.000 1 ) for patients receiving concurrent TMZ and RT (22). Currently the RTOG is conduct- 
ing phase II trials of TMZ in combination with other chemotherapeutic and molecularly 
targeted agents in patients with GBM, including CPT-1 1, the farnesyl transferase inhibitors 
Sarasar. R1 15777, and MGd. 

Epidermal Growth Factor Receptor (EGFR) Inhibitors. The epidermal growth factor 
receptor (EGFR) belongs to a family of at least four trans-membrane cell-surface receptors. 
Structurally, these complex proteins have an extracellular domain with specific binding affin- 
ity for particular ligands such as epidermal growth factor (EGF), a growth factor that after 
binding induces dimerization and phosphorylation of EGFR through an enzyme, receptor 
tyrosine kinase (RTK), located on the intracellular domain of EGFR. This activated complex 
is involved in signaling through several cytoplasmic pathways that are activated by a series 
of phosphorylation reactions, catalyzed by other kinases, and results in the transduction of 
signal from the cell surface to the nucleus. Within the nucleus, the arrival of such a signal 
results in transcriptional activation of specific genes, and hence synthesis/expression of regu- 
latory proteins which affect a host of cellular phenotypic responses such as cell-cycle regu- 
lation, apoptosis, growth-arrest, growth-acceleration, neoangiogenesis, and differentiation. 
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EGFR is overexpressed in about 40% of patients with GBM (23). Barker et al. examined 
the UCSF database of GBM patients and identified 174 tumor specimens to determine a 
correlation between EFGR status and response to radiation. A three-tier system was used to 
score EGFR status: 0 indicated no staining, 1 indicated light or focal staining, and 2 indicated 
strong staining. Radiation response was based on comparison between pre-RT and post-RT 
contrast enhanced CT or MRI. In their analysis, there was strong correlation (p = 0.046) 
between EGFR score of 0 and odds of better radiation response compared with EGFR scores 
of 2. Not all studies, however, support this observation. In an analysis of tissue microarray 
prepared from 155 GBM patients enrolled on RTOG trials, specimens were stained using a 
mouse monoclonal antibody (MAb) specific for the extracellular binding domain of EGFR to 
detect total EGFR (including wild-type-both phosphorylated and unphosphorylated isoforms 
with some cross-reactivity with EGFRvIII, a mutant variant commonly seen in GBM). The 
intensity of total EGFR expression was measured by computerized quantitative image analy- 
sis and correlated with clinical outcome. No association between EGFR expression and sur- 
vival was identified on a multivariate analysis (24). These results were corroborated by 
Buckner et al. who analyzed EGFR overexpression in malignant glioma patients enrolled on 
the North Central Cancer Treatment Group (NCCTG) trial and did not find a correlation 
between EGFR overexpression and survival in patients with GBM (25). 

Preclinical experiments demonstrate that blockade of the EGFR pathway, either using 
antibodies such as C225 specific to EGFR, or inhibitors of RTK such as ZD- 1839, or other 
interventions of this cascade (i.e., blocking a key enzymatic step, farnesylation, through 
farnesyl transferase inhibitors), results in altered cellular behavior, particularly, a shift from 
a growth-advantaged to a disadvantaged status (26). In the face of an external potentially lethal 
stimulus such as radiation, inhibition of the EGFR pathway enhances apoptosis, reduces pro- 
liferative capacity, diminishes angiogenesis, and ultimately provides a method for enhanced 
tumor kill, or radiopotentiation. Additional preclinical data indicate a synergistic effect of 
EGFR blockade and radiation. The RTOG has recently completed a trial using ZD- 1839 with 
radiotherapy for GBM (27). 

Accelerated Tumor Repopulation 

Accelerated tumor repopulation is a well-recognized phenomenon that occurs in rapidly 
proliferating tumors during a conventional multifraction radiotherapy regimen. This accelera- 
tion in proliferation during the radiotherapy regimen increases the likelihood that viable 
tumor clonogens maybe present at the completion of treatment. Traditionally, dose escalation 
experiments have involved increasing the number of fractions; however, it is possible that the 
addition of fractions at the end of radiotherapy may not compensate for the acceleration in 
tumor repopulation. Accelerated fractionation (AF) attempts to minimize tumor acceleration 
by shortening the overall duration of radiotherapy by increasing the number of daily fractions, 
or effectively delivering more dose per day. A similar phenomenon occurs in several other 
malignancies, including head and neck cancer and lung cancer where randomized trials with 
AF have demonstrated improvements in local control and survival. 

Accelerated Fractionation and Radiosurgery. RTOG Trial 83-02 was a dose escalation 
trial with either hyperfractionated radiotherapy (HF RT) (1.2 Gy bid to 64.8, 72, 76.8, or 8 1.6 
Gy) or accelerated hyperfractionation (AHF) (1.6 Gy bid to 48 or 54.4 Gy) (28). Though the 
dose delivery in the AHF arm was feasible and associated with tolerable toxicity, the mean 
survival time (MST) of these patients was 10.2 mo compared with 1 1.6 mo for HF RT. The 
lack of benefit with AHF maybe a result of the low biologically equivalent doses utilized in 
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the AHF arm. The RTOG recently closed a phase II trial examining weekly fractionated 
stereotactic radiotherapy (FSRT) boost (5 or 7 Gy) during a course of conventional 6-wk 
radiotherapy to overcome tumor repopulation. This trial used significantly higher total doses 
and its results are keenly awaited. 

Potentially, single fraction radiosurgery boost could be viewed as a form of AF1F, although 
the total doses achievable through this approach are limited because of the use of a single 
radiosurgery fraction. In a recently completed RTOG phase III trial, the addition of a stereotactic 
radiosurgery boost to external beam radiotherapy and BCNU did not improve survival (29). 

Brachytherapy. Brachytherapy involves insertion of permanent or temporary radioactive 
sources within tumor harboring tissues. One of the advantages of brachytherapy is the rapid 
reduction in dose that allows higher doses to be delivered to high-risk areas while minimizing 
radiation exposure to surrounding normal tissues. It has been used as a method for dose 
escalation with promising institutional reports. There have been two randomized trials of 
external beam radiotherapy with or without interstitial 125 I brachytherapy, but neither have 
demonstrated a survival benefit for interstitial brachytherapy (30,31). With conventional 
brachytherapy, there is typically a several week delay between the completion of external 
beam radiotherapy and initiation of brachytherapy. During this delay there is ample time for 
tumors to repopulate. The Gliasite device is a catheter inserted intraoperatively into the tumor 
bed which allows inflation of various sized balloons into which a radioisotope is subsequently 
instilled to deliver a high dose of radiation to the surgical margin and a modest peritumoral 
bed, of approx 1 - to 2-cm depth. Unlike standard brachytherapy, there is limited radiation dose 
to the center resulting in a lower incidence of reoperation for necrosis. The radiation dose is 
delivered over a period of 3 to 5 d to overcome accelerated repopulation. The target area 
(tumor bed + 1-2 cm) receives at least 100% of the prescribed dose, typically 40 to 60 Gy. 
Currently no adequate clinical trials in newly diagnosed GBM patients with this device have 
been conducted. This device maybe most valuable in GBM patients undergoing a total or near- 
total resection or as a method of palliation in patients with recurrent disease in whom a 
significant resection can be achieved. 

RPA Classification System 

From these various trials, it becomes evident that patients with GBM represent a heteroge- 
neous group; however, an adequate staging system has never been developed. The Radiation 
Therapy Oncology Group (RTOG) has analyzed an extensive database of prospectively treated 
patients (primarily with surgery, radiotherapy and alkylating chemotherapy), and using a 
statistical method known as recursive partitioning analysis (RPA), have developed six prog- 
nostic groups, referred to as RTOG RPA classes I-VI for classifying patients with high grade 
gliomas (32). Patients can be segmented into classes using eight variables: age, histology, 
Karnofsky Performance Score (KPS), mental status, neurological function, symptom dura- 
tion, extent of resection, and radiotherapy dose. This is illustrated in Fig. 3 with corresponding 
clinical outcomes summarized in Table 3. GBM patients are represented in classes III- VI, and 
their median survival ranges from 4.6 to 17.9 mo. 

The RPA classification permits evaluation of new therapeutic approaches in combination 
with radiotherapy using a series of small phase II trials, in which patients are categorized by 
RPA class and outcomes are compared with the historic database. Promising agents can be 
further studied in phase III trial. This approach allows maximum resource utilization and 
allows early identification of potentially promising agents in management of patients with 
GBM. 
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Fig. 3. RPA classification of HGG. 


Table 3 

Survival Based on RPA Classification 


RPA class 

n 

MST (mp) 

% 2-yr survival 

I 

139 

58.6 

76 

II 

34 

37.4 

68 

III 

175 

17.9 

35 

IV 

457 

11.1 

15 

V 

395 

8.9 

6 

VI 

263 

4.6 

4 


ANAPLASTIC ASTROCYTOMA 

Traditionally, patients with anaplastic astrocytoma (AA) have been included in trials with 
GBM patients. It became clear very early that patients with AA (MST 36 mo) had a signifi- 
cantly better survival than patients with GBM (MST <12 mo). Newer trials therefore evalu- 
ate AA patients separately from GBM patients. Attempts to improve survival have included 
the use of chemotherapy, radiosensitizers, and neutron therapy. Laramore et al. analyzed the 
RTOG experience treating AA with conventional radiotherapy, chemoradiotherapy and the 
addition of neutrons, demonstrating median survival values of 3, 2.3 and 1.7 yr ( 33 ). Thus, 
paradoxically it appears that intensifying treatment leads to worse outcome. 
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RTOG trial 94-04 examined the role of the radiosensitizer bromodeoxyuridine (BudR) in 
addition to radiotherapy and PCV chemotherapy for patients with AA, excluding GBM. This 
phase III trial demonstrated no survival advantage with BudR . 

Currently the RTOG is conducting a randomized trial for patients with AA to determine 
whether BCNU or TMZ is the optimal chemotherapy regimen during and after radiotherapy. 

ANAPLASTIC OLIGODENDROGLIOMA 

These rare tumors represent a unique clinical situation from the perspective of radio- 
therapy. They typically carry a more favorable prognosis than their astrocytic counterparts 
with a MST of 60 mo. The better survival observed for oligodendroglioma is also reflected in 
its improved responsiveness to both radiotherapy and chemotherapy. Recent molecular analy- 
sis suggests that subsets of these tumors are characterized by chromosomal losses of lp and / 
or 19q. Patients with AO that have these chromosomal deletions exhibit exquisite sensitivity 
to radiation and chemotherapy ( 34 ). The RTOG conducted a randomized phase III trial to 
determine the value of preradiation PCV chemotherapy. This trial also confirmed loss of lp 
and 19q as significant prognostic factors, but did not demonstrate a specific survival benefit 
to the use of PCV ( 35 ). 

TMZ has been used for patients with recurrent AO. Chinot et al. treated 48 patients who 
experienced a recurrence after receiving PCV with TMZ and reported a 44% radiographic 
response rate, with 15 patients experiencing a complete response ( 36 ). Based on the lower 
toxicity of TMZ, a pilot RTOG trial addressing the role of postoperative, pre-RT TMZ for 
newly diagnosed AO has recently been completed. 

RADIOTHERAPY TECHNIQUES 

Radiation therapy can be delivered using either external beam techniques of varying degrees 
of sophistication, or through highly localized isotope placement, known as brachytherapy. 
There are several different options, each with specific advantages and disadvantages. 
Brachytherapy approaches are most effective at delivering highly localized radiation and 
avoiding irradiation of normal tissue, but they are limited because of their invasive nature. 
External beam radiotherapy approaches have evolved and recently become very sophisticated 
(e.g., FSRT, IMRT) allowing the ability to conformally shape the radiation beam to minimize 
normal tissue exposure. This has been achieved by improvement in tumor targeting, using 
sophisticated treatment planning programs capable of permitting image-fusion of multiple 
different datasets (i.e., CT, MRI, MRS, and PET) as well as significant improvement in 
immobilization and localization processes, allowing a reduction in the size of the error margin 
that is typically built into radiotherapy treatment plans. For patients with HGG, the initial 
treatment field includes the MRI defined T2-signal abnormality, including edema, with a 2- 
to 3-cm margin that is treated to 45 Gy in 1.8 Gy per fraction. The boost field is defined by 
the T1 -contrast enhancing region on the MRI with a 1- to 2-cm margin and is treated to an 
additional 14.4 Gy in 1.8 Gy per fraction for a total dose of 59.4 Gy. 

SIDE EFFECTS OF RADIOTHERAPY 
Acute Reactions 

Acute reactions are those that occur during and immediately following completion of a 
course of external beam radiation therapy. Using current technologies, these reactions are 
usually rare and clinically readily manageable. These include skin reactions, typically dry 
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desquamation and some degree of erythema, which are managed with local ointments. Tempo- 
rary alopecia within the radiation field is a common sequela. Fatigue may be observed with 
radiation therapy, but is often a function of several other variables such as age, performance 
status, underlying medical status, and extent of brain being irradiated. 

Subacute Reactions 

Subacute reactions may occur several weeks or months after completion of radiation 
therapy. When large volumes of the brain are treated, especially in younger patients, lethargy 
and somnolence may be observed in approx 3 mo. In children, this is specifically described 
as an acute somnolence syndrome. Rarely, some patients may develop localized demyelina- 
tion resulting in nausea, vomiting, ataxia, dysphasia, and cerebellar ataxia. This is usually self- 
limiting. If the lacrimal gland(s) are included in the radiation portal, dry-eye may result; 
similarly, a keratoconjunctivitis may develop if the cornea is not protected. 

Late Complications 

Late complications of radiotherapy occur from several months to several years after comple- 
tion of therapy. The exact incidence of these complications is unclear because a substantial 
proportion of patients are either short-term survivors or have a component of both tumor 
progression and delayed radiation morbidity. Radiation necrosis in the absence of tumor 
progression is not commonly encountered when total doses are kept under 60 Gy. However, 
necrosis in concert with viable tumor is commonly seen, especially in patients with malignant 
glioma. With sequential CT imaging, a mineralizing angiopathy can be identified, character- 
ized by loss of white matter, enlarged ventricles and microcalcifications. This occurs as a 
consequence of radiation injury to small vessels, and clinically may result in impairment of 
intellectual function, especially memory and mathematical ability. In severe cases, this may 
result in significant dementia, ataxia, and confusion. Significant white matter atrophy may be 
an accompaniment on imaging studies. The clinical sequela of these changes frequently 
manifest as neurocognitive impairment. Several factors have now been identified as contribu- 
tory to overall neurocognitive decline in these patients, including the tumor itself, surgery, 
radiation, and chemotherapy. In addition, host factors such as underlying diseases, especially 
those disease characterized by microvascular changes (e.g., diabetes, hypertension, smoking, 
stroke, and cardiovascular insufficiency) also contribute to this. Specific radiotherapy param- 
eters that influence the risk profile for neurocognitive decline include fraction size, total dose, 
and volume irradiated. Therefore, current radiotherapy paradigms, in general, avoid large 
fraction irradiation, with radiosurgery representing an exception to this rule. More impor- 
tantly, 3D and conformal techniques are evolving and hold promise for reducing the volume 
of normal brain irradiated. These approaches are of significance, since no effective therapy 
exists for the patient suffering neurocognitive decline after radiotherapy. 
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Summary 

Surgical resection alone is insufficient in the treatment of malignant gliomas because of the 
extensive infiltration of tumor cells into surrounding normal brain. Even with adjuvant external beam 
radiation therapy (EBRT), median survival times are poor. Local recurrence eventually results in death 
for these patients. Thus, radiation therapy that targets the focal area of the initial tumor occurrence may 
be useful. Clinical evidence suggests that successful radiation treatment of malignant gliomas is dose 
dependent. However, treatment with doses of EBRT greater than 60 Gy is not beneficial to patients. 
In most cases, treatment of the bed of surgical resection with radiosurgery is impractical because of the 
large volume of the tumor resected as well as the risk of radiation necrosis. Brachytherapy is an 
appealing modality in such cases because it permits the delivery of localized radiation therapy to the 
area at greatest risk for recurrence. 

Key Words: Brachytherapy; isotopes; recurrent HGG. 

INTRODUCTION 

The discovery of radioactivity by Henri Becquerel in 1896 ushered in a scientific era that 
gave rise to many discoveries. Radioactivity was first applied therapeutically for cancer in 
1902, when radiation was used to treat a cancer involving the palate and pharynx ( 1 ). Inter- 
stitial brachytherapy — in which a sealed radioactive source, or “seed,” is placed in or near a 
tumor to deliver high doses of radiation to tumor cells while minimizing exposure of surround- 
ing normal tissue — was first used to treat a tumor of the central nervous system (CNS) in 19 12, 
when Hirsch used the technique to treat a pituitary tumor ( 2 ). The first glioma treated with a 
radioactive source implanted directly into the tumor cavity was treated by Frazier in 1914 ( 3 ). 

Between the early 1950s and the late 1980s, new radioisotopes were developed that brought 
about a renewed and concerted interest in interstitial brachytherapy for the treatment of brain 
tumors. The focus of this intense clinical activity was primary and recurrent malignant glio- 
mas. Major efforts in the development of phase I and II trials at the University of California, 
San Francisco (UCSF) involved the use of stereotactically implanted, temporary high-activity 
iodine- 125 (1-125) sources either alone or in combination with interstitial hyperthermia ( 4 - 
9 ). The early phase II studies suggested a survival benefit for patients with newly diagnosed 
tumors and reasonable control of tumor for patients with a recurrence. However, further 
analysis suggested that the differences seen reflected an unintended bias based on the selection 
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of the patients in the studies ( 10 ). It was not until the phase III trials of interstitial brachytherapy 
performed by Laperriere et al .( 11 ) in Toronto and by the Brain T umor Cooperative Group ( 12 ) 
that the technique was evaluated in a prospective randomized fashion and compared against 
standard treatment. Neither of the trials showed any survival benefit, and those results led to 
a dramatic decline in the practice of brachytherapy for primary and recurrent malignant 
gliomas. Since then, a number of studies have evaluated the use of brachytherapy for malig- 
nant gliomas at initial presentation and at recurrence. This chapter reviews the radiobiology 
of treatment with brachytherapy, as well as studies that evaluate the efficacy of this treatment 
modality. 


RATIONALE FOR BRACHYTHERAPY TREATMENT 

Surgical resection alone is insufficient in the treatment of malignant gliomas because of the 
extensive infiltration of tumor cells into surrounding normal brain. Even with adjuvant exter- 
nal beam radiation therapy (EBRT), median survival times are poor, ranging from 9 to 12 mo 
for glioblastoma multiforme (GBM) ( 13 , 14 ). Most patients treated for malignant glioma have 
locally persistent disease despite an apparent gross-total resection, with 80% of recurrent 
tumors arising within 2 cm of the primary site ( 15 , 16 ). Local recurrence eventually results in 
death for these patients. Thus, radiation therapy that targets the focal area of the initial tumor 
occurrence may be useful. 

Clinical evidence suggests that successful radiation treatment of malignant gliomas is dose 
dependent ( 8 ). However, treatment with doses of EBRT greater than 60 Gy is not beneficial 
to patients ( 13 ). In most cases, treatment of the bed of surgical resection with radiosurgery is 
impractical because of the large volume of the tumor resected as well as the risk of radiation 
necrosis. Brachytherapy is an appealing modality in such cases because it permits the delivery 
of localized radiation therapy to the area at greatest risk for recurrence. 

From any point source, the radiation dose delivered to tissue decreases rapidly with increas- 
ing distance from the source. While the fall-off in the dose rate does not correspond exactly 
to the inverse square law, the dose to the tumor site is very conformal and the dose to surround- 
ing normal brain is significantly less than dosages delivered using EBRT. The ultimate goal 
of any irradiation technique is a high degree of conformity of the dose and limited irradiation 
of normal tissue. With either the temporary or permanent brachytherapy implants, the dose 
distribution depends on the number of sources implanted within the site, the spatial relation- 
ship of the sources to one another, the energy of the emitted photon, and the attenuation or 
absorbance by the surrounding tissues. Dose rates from interstitial brachytherapy commonly 
range from 0.4 to 0.6 Gy/h, as compared with approx 1.8 to 2 Gy/min with high-energy linear 
accelerator systems. For any specified total dose delivered, the lower the dose rate, the smaller 
is the biologic effect of the given dose ( 17 - 24 ). Thus, one would expect brachytherapy to be 
safer and more effective than teletherapy, based on proximity of the radiation source to the 
target of interest as well as the relatively low rate of radiation-dose delivery. 

RADIOBIOLOGY OF BRACHYTHERAPY 

Biologic Properties of Commony Used Isotopes 

The isotopes most often used for interstitial brachytherapy are 1-125 and iridium- 192 (Ir- 
192). For intracavitary brachytherapy, phosphorus-32 (P-32) and yttrium-90 (Y-90) are the 
agents most commonly used. The half-life of these isotopes, the energy emitted, and the half- 
value in tissues for these isotopes are shown in Table 1. 
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Table 1 


Isotopes Used in Interstitial/Intracavitary Brachytherapy 


Isotope 

Interstitial brachytherapy (26) 


77/2 

Energy of emitted y-rays 
( mean ) 

Half-value layer in tissue 
(mm) 

Iodine- 125 

60.2 days 

28 KeV 

20 mm 

Iridium- 192 

74.2 days 

380 KeV 

70 mm 



Intracavitary brachytherapy 




Energy of emitted y-rays 

Half-value layer in tissue 

Isotope 

Tl/2 

( mean ) 

(mm) 

Phosphorus-32 

14.2 days 

0.69 MeV 

0.8 mm 

Yttrium-90 

2.7 days 

0.93 MeV 

1.1 mm 


The half-value in tissues refers to the distance within tissue over which the dose is reduced 
by one half because of the absorbance of energy by the tissue. The total dose delivered by using 
brachytherapy depends on the isotopes used, the number of sources, the total radiation activ- 
ity, and the duration of the implant. For interstitial brachytherapy, 1-125 is a lower-energy 
isotope that emits y-rays in the range of 27 to 35 keV, as compared with Ir-192 with higher 
energy emitted at 300 to 610 keV. Lower-energy photons are attenuated to a greater degree 
by surrounding tissue, thus reducing the radiation dosage to the normal tissue surrounding the 
tumor site and affording better radiation safety for patients and their family, nurses, and 
surgeons. Whereas temporary high-activity and permanent low-activity 1-125 sources are 
implanted directly by the surgeon using radiation safety precautions, most Ir-192 systems 
require some sort of remote after-loading device. The tissue penetration of radiation from the 
isotopes is also reflected in the half-value level in tissue, which is more than three times as 
great for Ir-192 as it is for 1-125. The low-energy photons of 1-125 do have prominent pho- 
toelectric absorption that depends on the atomic number of the interposed tissue ( 25 ). There- 
fore, when there are elements in surrounding tissue that have a high atomic number, such as 
bone, the absorption of photons from 1-125 will be much greater than absorption of photons 
from Ir-192. Thus, in many cases, after craniotomy and permanent implantation of 1-125 
sources, the radiation measured at 1 meter from the patient may be almost undetectable or it 
may be easily shielded by a very thin layer of lead lining a hat ( 26 ). 

With low-energy isotopes used for intracavitary treatments such as P-32 and Y-90, most of 
the radiation dose is deposited in the first few millimeters of the cyst wall or tumor, and little 
radiation reaches normal tissues ( 27 - 29 ). In contrast with the case with permanent or tempo- 
rary high 1-125 brachytherapy implants, it is not possible to confirm the source distribution 
by postoperative imaging in order to calculate the dose distribution. One assumes that, within 
the volume of the cyst, the isotope is distributed equally, and on that basis the dosage calcu- 
lations are madepreoperatively . For the intracavitary treatment of craniopharyngiomas, which 
have a long epithelial cell-cycle time, effective doses of 200 to 250 Gy are delivered over five 
half-lives of the isotope, which is approx 7 1 d for P-32. Because the half-value layer of beta 
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particles from P-32 is only 0.8 mm in tissue, treatment of mixed, solid, and cystic tumors with 
this technique is not recommended. Surgeons who have aspirated cysts several days after the 
injection of P-32 have found that the radioactivity in the recovered material is lower than 
anticipated, suggesting that there may be a “plating” phenomenon of some isotope up against 
the cyst wall. This “plating" of some of the isotope up against the cyst wall which may not 
allow for uniform distribution of the isotope within the cyst. The larger the cyst, the higher is 
the actual dose to the cyst wall because of this phenomenon. 

Biology of DN A Repair in Tumor Cells and Normal Cells 

One of the main advantages of brachy therapy is related to the radiation biology of continu- 
ous low-dose irradiation, which tends to substantially damage proliferating tumor cells while 
allowing normal tissue a chance for repair of sublethal damage ( 19 , 21 , 22 , 24 , 30 ). Normal 
tissue is more efficient at repairing the sublethal damage, but as the dose rate increases there 
is less separation of this effect; the higher the dose rate, the lower is the total dose at which 
damage to normal tissue is observed. Cells commonly respond to DNA damage from ionizing 
radiation by activating cell-cycle checkpoints. These checkpoints permit cells to correct pos- 
sible DNA damage before proceeding through the cell cycle. Ionizing radiation induces arrest 
in the G,, S, and G 2 phases of the cell cycle ( 31 ). In addition, cell survival data have shown 
that cells are most sensitive to radiation during mitosis and G2, are less sensitive in Gl, and 
are least sensitive during the latter part of S phase ( 32 , 33 ). Continuous irradiation with 
brachy therapy also fosters a buildup of damage by synchronizing tumor cells within the cell 
cycle, particularly the G2-M phase ( 34 ). This synchronization of cells may account for some 
of the improved tumor cell kill achieved with brachytherapy. 

It has long been known that hypoxic cancer cells are resistant to radiation therapy. Ionizing 
radiation damages DNA by first forming reactive oxygen species after interacting with water. 
The protective effects of hypoxia were initially believed to be a reflection of decreased oxygen 
as a source of radiation-induced radicals. However, recent studies have shown that hypoxia 
is the principal physiologic stimulus for hypoxia-inducible factor 1 (HIF-1) ( 35 ). HIF-1 is a 
transcriptional regulator that leads to the expression of vascular endothelial growth factor 
(VEGF) and basic fibroblast growth factor (bFGF), which may act to prevent radiation- 
induced cell death ( 36 , 37 ). Brachytherapy theoretically would be useful in treating transiently 
hypoxic cells by delivering radiation during the period of reoxygenation that occurs during the 
course of low-dose rate continuous brachytherapy ( 38 ). 

BRACHYTHERAPY FOR NEWLY DIAGNOSED HIGH-GRADE GLIOMAS 

In the 1980s and 1990s, most of the information from brachytherapy trials for newly 
diagnosed malignant gliomas was based on phase II studies. Scharfen et al. ( 7 ) at UCSF 
reported median survival of 88 wk for patients with GBM, 142 wk for those with nonGBM, 
and 226 wk for those with low-grade glioma (LGG). Of the 307 patients in this study, 124 
(40%) required reoperation after brachytherapy; and of the 124 patients who had reoperation, 
6(5%) had necrosis only, 36 (29%) had tumor only, and 82 (66%) had both tumor and necrosis. 
The median survival of reoperated patients did not differ significantly. The mortality rate for 
the series was 0.7% and the acute complication rate was 7.8%. Sneed et al. ( 39 ) analyzed the 
results of brachytherapy boost in 159 GBM patients treated at UCSF and found that, on 
multivariate analysis, age was the only significant independent predictor of outcome. For the 
18- to 29.9-yr-old age group the 2-yr survival rate was 78%; and for the 50- to 59.9-yr-old 
group the 2-yr survival rate was 25% . The median survival rate for the youngest age group was 
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not yet reached at the time of analysis and was 77 wk in the older age group. Again, these 
results were from a selected group of patients evaluated in prospective phase II studies. 

UCSF investigators went on to conduct a phase III trial evaluating the use of brachytherapy 
alone as compared with the use of brachytherapy plus hyperthermia for patients with newly 
diagnosed GBM (9,40). Their rationale for using hyperthermia was that hyperthermia kills 
tumor cells exponentially as a function of temperature above 41°C, and that it inhibits the 
repair of sublethal damage (9,40). Hyperthermia is also effective against cells that tend to be 
resistant to radiation. The goal of this trial was to try to maintain fairly high temperatures of 
at least 42.5°C for 30 min immediately before and after brachytherapy, using interstitial 
microwave antennas to heat tumors and interstitial thermometry to record temperatures. Thirty- 
nine patients were randomized to the “brachytherapy alone” group and 40 to the “combined 
treatment” group. Whether by intent-to-treat analysis or by an analysis of only patients in each 
group who actually received brachytherapy, the time to tumor progression and the median 
survival time were significantly longer for the brachytherapy-plus-hyperthermia group. The 
median survival time in the hyperthermia group was 95 wk, and was 76 wk in the group 
undergoing brachytherapy alone. Multivariate analysis revealed that, after adjusting for sig- 
nificant prognostic factors such as age and Karnofsky Performance Scale (KPS) score, a 
longer survival time was significantly associated with the use of brachytherapy plus hyper- 
thermia. This was the first prospective clinical trial to show a survival benefit with the addition 
of hyperthermia to irradiation at any body site. 

Subsequent clinical studies evaluating brachytherapy for primary malignant gliomas 
included prospective randomized trials conducted by Laperriere et al . (11) in Toronto and 
by the Brain Tumor Cooperative Group (National Institutes of Health trial 87-01) (12). 
Laperriere et al. (11) reported the results of a trial conducted between 1986 and 1996 in which 
140 patients were randomized either to receive 1-125 brachytherapy implants after an open 
operation and EBRT or to undergo only an open operation plus EBRT. Two types of analyses 
were performed on the two patient groups: both intent-to-treat analysis and analysis of only 
those patients who actually received the implant. Of the 7 1 patients who were randomized to 
the brachytherapy group, only 63 actually received an implant. In the intent-to-treat analysis, 
there was no significant difference in median survival times between the surgery-plus-EBRT 
group (13.2 mo) and the brachytherapy group (13.8 mo; p = 0.24). For the 63 patients who 
actually received the implant, the median survival time was 15.7 mo; and multivariate analy- 
ses revealed a trend toward improved survival in that group, although it was not significant. 
Most of the brachytherapy implants were placed through use of one or two catheters, and the 
median prescription volume was 42.3 cc. Reoperation was required for 3 1 % of the patients in 
the implant group and 33% of the patients in the surgery-plus-EBRT group. Complications 
directly attributable to the I- 1 25 implant occurred in 24% of patients. There was no significant 
difference in the recurrence sites between the groups, recurrence occurring locally in 93% of 
the surgery-plus-EBRT group and in 82% of the implant group. Although there was no signifi- 
cant difference in the KPS scores at 6 and 12 mo after randomization, the patients receiving 
an implant had a significantly higher dexamethasone requirement at both time intervals. The 
investigators concluded their report by indicating that brachytherapy implants did not provide 
any significant improvement in survival in the management of patients with malignant glioma. 
A subsequent study from the same group evaluated the quality of life in patients who had 
participated in this trial (41). There was no difference between the two study groups in their 
KPS and quality-of-life scores during the first year of follow-up review, but there was a 
significant deterioration in the KPS scores during the first year as compared with the baseline 
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Table 2 


Results of Brachytherapy Boost for Malignant Glioma 


Investigators 

Year 

No. patients 

Pathology 

Median survival (mo) 

Sneed et al. (9) 

1998 

33 

GM 

17.5 (no heat) 



35 

GM 

19.6 (heat) 

Vide tic et al. (62)* 

1999 

53 

GM 

17.0 



22 

AA 

38.0 

Laperriere et al. (11) 

1998 

69 

GM 

13.2 (no implant) 



71 

GM 

13.8 (implant) 

Selker et al. (12) 

2002 

107 

GM 

13.4 (no implant) 



123 

GM 

14.7 (implant) 


Notes: *Denotes a permanent low-activity implant. 


scores. For both groups, during the first year of follow-up review there was a statistically 
significant deterioration in selected items on the quality-of-life assessment, including self- 
care, speech, concentration, cognitive functioning, and physical symptoms. 

The Brain Tumor Cooperative Group (BTCG) trial was the second phase III trial reported that 
evaluated the use of brachytherapy in treating newly diagnosed malignant glioma (Table 2) ( 12 ). 
It included 299 patients randomized into 2 study arms between December 1987 and April 
1994. Each group was followed for an additional 3 yr. After 29 patients were excluded from 
analysis, the valid study group consisted of 270 patients. Of those, 137 patients received 
standard treatment consisting of surgical resection plus EBRT and BCNU chemotherapy, and 
133 had 1-125 brachytherapy after undergoing resection followed by EBRT and BCNU che- 
motherapy. The initial 64 patients who were randomized to either study arm received whole 
brain radiation therapy and a cone-down boost. After May 1989, the protocol was amended 
so that EBRT was delivered to the tumor border plus a 3-cm margin. All patients in both study 
groups received BCNU at 200 mg/m 2 every 8 wk; and all received their first dose of BCNU 
at 16 to 48 h before their first EBRT treatment. For all 270 patients in the valid study group, 
prognostic factors such as age and KPS score were equally matched. Both groups consisted 
predominantly of patients with GBM, but patients with anaplastic astrocytoma (AA), anaplas- 
tic oligodendroglioma (AO), and malignant mixed glioma were also included. Patients with 
GBM made up 80.5% of the standard therapy group and 89.8% of the brachytherapy group. 
There was no significant difference in survival times overall between the brachytherapy group 
(68.1 wk) and the standard therapy group (58.8 wk). Age and KPS score were significant 
predictors of outcome in both groups. In the subgroup of patients with GBM, the median 
survival time in the group receiving the brachytherapy implant was 64 wk, as compared with 
58. 1 wk in the standard therapy group (p = 0. 169). As expected, the survival time for patients 
with non-GBM (145.3 wk) was significantly longer than for those with GBM (59.7 wk). 
Evaluation of differences in survival times between patients undergoing only a biopsy as 
compared with those undergoing gross-total resection showed that the extent of resection was 
not a significant predictor of outcome in either the standard therapy group or the brachytherapy 
group. Among the patients who had brachytherapy, median survival time was 63 wk for those 
who had only a biopsy, and was 68.1 wk for those who had gross-total resection. For patients 
in the standard treatment arm, median survival was 58.8 wk for those undergoing a biopsy and 
58.7 wkfor those undergoing resection. The investigators concluded that there was no survival 
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advantage with the addition of 1-125 brachytherapy for the management of patients with 
malignant glioma. 

One criticism of the early brachytherapy clinical trials was that the favorable survival rates 
could be accounted for simply by the criteria for the selection of patients alone ( 42 ). Florell 
et al. ( 10 ), reviewing a series of patients with newly diagnosed GBM who were referred to a 
regional cancer center, found that only about 30% of the patients were eligible for brachy- 
therapy based on imaging studies and KPS score alone. The patients eligible for brachytherapy 
tended to be younger and to have more extensive surgical resection prior to brachytherapy and 
have higher KPS prior to any treatment. The eligible patients survived longer than patients 
who were not eligible, even though both groups were treated in a standard fashion with open 
operation and EBRT. The investigators used these findings to support the notion that selection 
alone had a significant influence on the results regarding outcome after brachytherapy. In 
another report of aphase II study ( 43 ), at least 25% of the patients selected for brachytherapy 
after the completion of EBRT had tumor recurrence during the course of EBRT. These patients 
were eliminated from the brachytherapy group because of the tumor recurrence. The elimina- 
tion of patients with early recurrence oftumors after early recurrence could possibly improve 
survival in the brachytherapy group. 

Taking the opposite position, Videtic et al. ( 44 ) reported data from a retrospective review 
of nonrandomized patients with malignant glioma undergoing brachytherapy who were ana- 
lyzed with respect to volume of the implant and the Radiation Therapy Oncology Group 
(RTOG) recursive partitioning analysis (RPA) criteria ( 45 ). Between 1991 and 1998, 75 
patients were treated with surgery and brachytherapy followed by fractionated EBRT; 53 
(7 1 %) of the patients had GBM. The median survival time was 17 mo for patients with GBM, 
with survival of 40% at 2 yr. The greatest impact from brachytherapy was seen for the poorest 
prognostic classes (V/VI), with 25% improvement in median survival for the brachytherapy 
group compared with RTOG historical data (1 1 . 1 vs 8.9 mo) and even more improvement in 
survival at 2 yr (29 vs 6%). The investigators concluded that selection factors alone did not 
account for the improved survival in their patients. In their series, patients were implanted at 
the time of operation, before they underwent EBRT. Thus, in this group, brachytherapy 
appeared to have a positive effect. 

BRACHYTHERAPY FOR RECURRENT HIGH-GRADE GLIOMAS 

The first trials of brachytherapy for patients with malignant glioma were focused on 
patients with recurrent tumor ( 7 , 8 , 46 - 56 ). The earliest trials used temporary high-activity 
interstitial brachytherapy, whereas the most recent reports have been on the use of permanent 
low-activity brachytherapy implants (Table 3). As of now, there has not been a phase III 
randomized trial of interstitial brachytherapy for patients with recurrent malignant glioma. In 
a series of retrospective reviews published between 1995 and 2000, median survival times for 
patients with recurrent GBM or recurrent malignant glioma ranged from 9.5 to 16 mo. 
Reported rates of reoperation after brachytherapy for recurrent tumor ranged from 27.8 to 
54%. In a review of the entire brachytherapy experience at UCSF that was published in 1992, 
the reoperation rate ranged from 36 to 47% depending on the initial diagnosis ( 7 ). Reoperation 
was associated with a significantly prolonged survival time. Shrieve et al. ( 55 ) presented an 
interesting analysis of survival and reoperation rates for patients with recurrent malignant 
glioma treated with either temporary high-activity brachytherapy implants or radiosurgery. 
The median survival times were comparable in the two groups: 11.5 mo for the brachytherapy 
group and 10.2 mo for the radiosurgery group. The risk of need for reoperation appeared to 
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Table 3 

Results of Brachytherapy Implant for Recurrent Glioma 


Investigators 

Year 

No. patients 

Diagnosis 

Median survival (mo) 

Gaspar et al. (57)* 

1999 

59 

MG 

16.0 

Patel et al. (58)* 

2000 

40 

GM 

10.8 

Tatter et al. (61) 

2003 

21 

MG 

12.7 



15 

GM 

8.0 

Larson et al. (23)* 

2004 

38 

GM 

12.0 


Notes :* Denotes permanent low-activity implant. 


be slightly higher in the brachytherapy group, at 64% as compared with 33% in the radiosur- 
gery group at 12 mo. It should be noted however that the target volumes for treatment were 
three times greater in the brachytherapy group than in the radiosurgery group. 

The use of permanent low-activity brachytherapy sources has received attention because 
it results in a lower incidence of symptomatic radiation necrosis requiring reoperation. Halligan 
et al. ( 50 ) in 1996 treated 18 patients with recurrent GBM with a permanent low-activity 
brachytherapy implant, achieving a median survival of 64 wk. None of their patients required 
reoperation for symptomatic radiation necrosis. Gaspar et al. ( 57 ), in 1999, reported 59 patients 
undergoing brachytherapy for recurrent GBM and recurrent malignant glioma. Only 3 (5%) 
patients required reoperation for symptomatic radiation necrosis. Median survival for the 
group with GBM was 0.9 yr and for the group with tumors other than GBM was 2.04 yr. In 
their study, factors predictive of a poor outcome were GBM histology, age greater than 60 yr, 
implant target volume greater than 17 cc, and tumor location within the corpus callosum or 
thalamus. 

Patel et al. ( 58 ) reported results of therapy for 40 patients with recurrent GBM receiving 
permanent 1-125 implants. No patient developed symptoms attributable to radiation necrosis, 
and none required reoperation. Time to tumor progression was 25 wk after implantation. The 
extent of tumor resection showed a trend toward improved survival after reoperation and 
brachytherapy at 5 1 wk for patients who had gross-total resection as opposed to 43 wk for 
those who had subtotal resection, although this difference was not significant (p — 0.58). In 
contrast, progression-free survival was significantly better in patients who had gross-total 
resection (31 wk) as opposed to subtotal resection (17 wk). Those patients younger than 60 
yr of age at the time of brachytherapy did significantly better than those older than 60 yr. There 
was also a trend for those patients who had a high MIB- 1 staining index to have shorter time 
to tumor progression and worse survival rate than those with a low staining index, although 
these differences again were not statistically significant. 

Larson et al. ( 23 ) recently reported their experience in 38 patients with recurrent GBM who 
had permanent low-activity brachytherapy seeds implanted between June 1997 and May 1998 
at UCSF. At a 5-mm depth, the dosage achieved locally at infinite decay time was 300 Gy and 
the median initial dose rate was 15 cGy/h. Of the 37 patients included in the analysis, the 
median survival after brachytherapy was 52 wk and the time to tumor progression clearly 
established with 36 patients was 16 wk. Of the 37 tumors, 34 had recurred and two were 
censored at the time of latest follow-up review or magnetic resonance imaging. Only age was 
a significant predictive factor in survival in multivariate analysis. The investigators compared 
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the results from 35 patients with permanent implants and 54 patients with temporary implants 
who met the same criteria for inclusion in a survival comparison. In a multivariate Cox 
proportion hazards model, adjusting for age, KPS score, and log of the tumor implant volume, 
there was no significance difference in survival between the historical high-activity 
brachytherapy group and the reported permanent low-activity brachytherapy implant group. 
Kaplan-Meier curves showed similar survival patterns. Of the patients in the reported study, 
63% underwent some form of salvage therapy. Four patients underwent reoperation for pre- 
sumed recurrent tumor; pathologic evaluation revealed recurrent tumor in three of the patients, 
and gliosis without recurrent tumor in one patient. As all four patients were asymptomatic, none 
required craniotomy for symptomatic radiation necrosis. The investigators concluded that 
permanent 1-125 brachytherapy for recurrent progressive GBM was well tolerated, and sur- 
vival times were comparable to similar groups of patients treated with high-activity temporary 
brachytherapy implants. 

Simon et al. (59) reported a study of 42 patients who were treated with Ir-192 implantation. 
A dose of 40 to 60 Gy was delivered to the periphery of the tumor over a period of 7 to 12 d 
using a 70% prescription isodose line. The dosage rates ranged from 0.4 to 0.5 Gy/h. Twenty- 
four patients required reoperation for radiation necrosis. The median survival was 50 wk, with 
a 1-yr survival rate of 48% and a 2-yr survival of 1 1%. In multivariate analysis, only tumor 
volume and KPS score were significant predictors of outcome. 

RECENT DEVELOPMENTS IN BRACHYTHERAPY 

Dempsey et al. (60) and Tatter et al. (61) have described a high activity brachytherapy 
delivery device that utilizes a liquid 1-125 isotope. An inflatable silicon balloon reservoir 
attached to a catheter is placed into the resection cavity and filled postoperati vely with the liquid 
1-125 radionuclide solution. The balloon assumes a relatively spherical shape and the sur- 
rounding tissue may conform to the shape of this balloon. Previously investigators have shown 
a homogenous dose within the target volume that was superior to seed implants; however, 
there was a slight increase in the volume of normal tissue receiving 50 to 75% the prescribed 
tissue dose (60). Tatter et al. (61) reported a phase I study evaluating the safety and perfor- 
mance of this system in the treatment of 21 patients with recurrent malignant glioma. The 
primary end point of the trial was successful performance by the device. Fifteen patients with 
recurrent GBM, five with recurrent AA, and one with AO were treated. All the patients had 
undergone standard therapy with surgery and EBRT. Eleven patients had received chemo- 
therapy and two had undergone radiosurgery. After resection of the recurrent glioma, the 
Silastic® balloon catheter (GliaSite®) was inserted into the resection cavity and inflated to 
determine the appropriate balloon volume for later inflation. Then a combination of Iotrex®, 
an aqueous 1-125 radiation source, and saline was injected into the catheter to inflate the 
balloon to the predetermined size. The combination treatment is known as the GliaSite® RTS. 
The device delivered radiation to the surrounding tissue at 41 to 61 cGy/h, delivering mean 
doses of 40 to 60 Gy to a mean depth of 6 to 9 mm from the resection margin over the course 
of 70 to 140 h. The total activity of Iotrex® ranged from 73 to 459 mCi. The device functioned 
as intended in all cases, and 20 of the 21 patients received the prescribed dose. One patient 
received only 40% of the dose because of an error in mixing the Iotrex® with intravenous contrast 
medium. There were three adverse events related to the device: one pseudomeningocele, one 
infection, and one case of chemical meningitis. No patient developed symptomatic radiation 
necrosis. Although the median time for follow-up review was not reported, the total follow- 
up period was 21.8 wk. All patients died of recurrent tumor during the follow-up period. In 
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6 of the 14 patients treatment failure occurred within the brachy therapy volume. The median 
survival time after GliaSite® RTS therapy was 8 mo for patients with GBM and 17.9 mo for 
those with AA or AO. The investigators concluded that the delivery system was safe and 
efficiently delivered the prescribed dose of radiation. This group plans future studies of both 
newly diagnosed and recurrent brain tumors. 

THE FUTURE OF BRACHYTHERAPY 

Although interstitial brachytherapy is still used to treat brain tumors — including recurrent 
malignant glioma, newly diagnosed and recurrent brain metastases, recurrent benign and 
malignant meningiomas, and some skull-based tumors — a number of studies have shown that 
it is not of any great benefit to patients who have malignant glioma. For long-term survivors 
of brachytherapy, it appears that the trade-off may be neurologic deficit from radiation necro- 
sis and the side effects of long-term steroid use. 

Temporary high-dose brachytherapy for newly diagnosed GBM was not beneficial in two 
phase III trials, and in light of those results many groups have abandoned further investigation 
of brachytherapy for malignant glioma. Although a UCSF study showed that permanent low- 
activity 1-125 brachytherapy and temporary high-activity brachytherapy have similar efficacy 
against recurrent progressive GBM ( 23 ), we no longer offer brachytherapy for patients with 
recurrent GBM because of the short time to tumor progression. More recently, a prospective 
phase I/II clinical trial at UCSF was designed to evaluate the toxicity of permanent 1-125 
brachytherapy implantation followed by hyperfractionated EBRT with a dose regimen of 1 00 cGy 
bid to a total dose of 60 Gy. The trial was terminated because of concern over significant 
radiation toxicity, although long-term follow-up evaluations are ongoing for some of the long- 
term survivors in this group. Currently, we have no active trials of brachytherapy for malignant 
glioma at UCSF, but rather are focusing our efforts in local treatment on convection-enhanced 
delivery strategies. Despite the many theoretical benefits of brachytherapy, it is unlikely, after 
20 yr of effort, that new brachytherapy strategies will have a significant impact on the outcome 
from this disease. 
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Summary 

Radiation therapy is an important treatment option for patients with high-grade gliomas (HGG). 
Because the majority of patients fail locally, various strategies have been investigated to improve 
tumor control. Stereotactic radiosurgery (SRS) is one method of foe ally escalating radiation dose while 
minimizing dose to normal brain. Although some institutional results have shown improved survival 
for some patients, others have questioned this benefit because patient selection is known to influence 
survival. The results from the Radiation Therapy Oncology Group (RTOG 93-05) phase III study did 
not demonstrate a survival advantage for patients undergoing radiosurgery in addition to radiation 
therapy and chemotherapy. Current trials are evaluating the use of chemotherapy or radiation sensitiz- 
ers to improve results. Based on the two negative randomized trials of brachytherapy and one negative 
randomized trial of radiosurgery for newly diagnosed glioblastoma multiforme, the use of radiosurgery 
is limited in these tumors. 

Key Words: Stereotactic radiosurgery; glioblastoma multiforme; high-grade glioma. 

INTRODUCTION 

Studies from the Brain Tumor Cooperative Group (BTCG) established the benefit of radia- 
tion therapy in several phase III studies. BTCG 6901 was a four armed randomized trial that 
demonstrated the superiority of whole brain radiation therapy to supportive care ( 1 ). BTCG 
7201 was a four armed randomized trial that showed the superiority of whole brain radiation 
therapy over chemotherapy alone ( 2 ). BTCG 8001 was a phase III trial that randomly assigned 
patients to one of three chemotherapy regimens followed by whole brain radiation therapy 
(WBRT) ( 3 ). Patients enrolled between 1982 and 1983 were further randomized to WBRT or 
WBRT followed by a cone down boost. No survival advantage was seen with the use of 
WBRT. Based on these results, the initial course of radiation therapy usually consists of 
treatment of the region of edema defined on T2-weighted images followed by a cone down 
defined by the resection cavity or region of residual enhancement after surgery. 

Although radiation therapy is an important component in managing high-grade gliomas 
(HGG), the outcomes with radiation therapy are poor. As a result, a number of trials have been 
conducted over the past two decades exploring the use of different chemotherapy agents and 
radiation sensitizers. Unfortunately, these trials have not changed the outlook for these patients. 
A number of different radiation therapy strategies have also been explored in hopes of improving 
the therapeutic ratio. One strategy that gained popularity in the 1990s was focal irradiation 
using brachytherapy or stereotactic radiosurgery. 
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This chapter reviews the rationale, radiobiology, clinical results, and future direction of 
stereotactic radiosurgery for high-grade glioma patients. The use of fractionated radiosurgery 
or stereotactic radiation therapy will not be discussed. 

RATIONALE FOR STEREOTACTIC RADIOSURGERY 

Because the majority of patients fail within the resection cavity or region of enhancing 
tumor, the concept of focally escalating radiation dose to these regions appears oncologically 
sound as more radiation dose may provide better tumor control and survival. Successive 
BTCG studies from 1966 to 1975, analyzed with respect to radiation dose, noted an improve- 
ment in survival with increasing dose: 28 wk for patients receiving 45.9 to 5 1 .7 Gy, 36 wk for 
52.9 to 58 Gy, and 42 wk for 58.5 to 62.0 Gy (4). A randomized trial from the United Kingdom 
Medical Research Council comparing 4500 cGy in 20 fractions to 6000 cGy in 30 fractions 
also showed survival benefit for the higher dose arm (12 vs 9 mo; p - 0.007) (5). 

Two Radiation Therapy Oncology Group (RTOG) studies evaluating the use of 7000 cGy 
external beam radiation therapy and the use of hyperfractionated radiation therapy (6480 cGy 
to 8160 cGy) did not demonstrate improved survival (6,7). Because the use of higher doses 
of conventional radiation (6000-7000 cGy) has potential toxicides, such as radiation necrosis, 
with no apparent survival benefit, focal irradiation techniques such as brachytherapy were 
explored. 

The initial results with brachytherapy showed promise ( 8-10). The placement of temporary 
or permanent radioactive sources, such as iodine- 125, focally escalated radiation dose while 
providing a steep dose gradient from the edge of the tumor bed. Although the morbidity from 
the procedure was high, the improved survival appeared to justify the high rates of reoperation. 
Given these encouraging results from brachytherapy, some investigators felt radiosurgery 
techniques would be easier and safer to use in tumors of various size, shape and location. 

Unlike brain metastases, HGG are not considered an ideal target for SRS because of their 
large size at presentation, irregular radiographic appearance, and infiltrative borders. These 
tumors are also hypoxic, acute responding, and intertwined with normal brain tissue ( 11-13). 
In addition, tumor cells are present beyond their enhancing borders with 80% of patients 
recurring within 2 cm of the primary tumor ( 14, 15 ). Despite these unfavorable characteristics, 
the role of radiosurgery was investigated in hopes of improving the poor results of HGG 
patients. 


RADIOBIOLOGY 

When SRS was introduced, one major concern was the effect that a high single fraction 
of radiation would have against normal brain tissue. The traditional dogma in radiation 
oncology was to fractionate in order to minimize normal tissue damage; therefore, some were 
concerned that the therapeutic ratio would worsen with radiosurgery. Because HGG are 
composed of a mixture of solid tumor cells, combination of brain and tumor cells, and normal 
brain with isolated tumor cells at the periphery, a high dose of a SRS may have the intended 
effect on tumor cells, but a deleterious effect against normal tissue. Fortunately, the steep 
dose gradient that is achieved with multiple intersecting beams or arcs and close conformality 
of the isodose lines to the target allow for a beneficial therapeutic ratio because the radiobio- 
logic effect is high. 

To better understand the effects of radiation and normal tissue, Fowler proposed the bio- 
logically effective dose (BED) as a measure of effect to compare various fractionation schemes. 
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For radiosurgery, Larson modified this formula so that one could approximate BED by the 
following equation: 

BED (n) = nd (1 + d/(a/(3)) 

where n is the number of fractions, d is the dose per fraction, nd is the total dose, and a and 
(3 represent the linear quadratic model for cell survival (16). Although this formula would 
support the concept of fractionation, the benefits were less than expected suggesting SRS was 
a reasonable choice for small tumors. Because FIGG are considered early responding tissues 
surrounded by late -responding normal tissue, Larson predicted that an acceptable therapeutic 
ratio was obtained because the dose to tumor was much higher than normal tissues. 

In an in vivo rat C6 glioma model, Kondziolka studied the histological responses after 
radiosurgery and different fractionated radiation therapy schedules (17). The response to SRS 
was generally greater than the biologically equivalent doses of fractionated radiation therapy. 
No difference was observed in tumor diameter or survival benefit for SRS or fractionated 
radiation treatments. 


PRIMARY MANAGEMENT 

Two randomized studies using brachytherapy have been completed for patients with newly 
diagnosed HGG. Laperriere reported the results of a phase III trial from Princess Margaret 
Hospital, which was a 2 arm trial comparing 5000 cGy/25 fractions external beam radiation 
therapy followed by brachytherapy boost (5000 cGy 1-125 implant) to 6000 cGy/30 fractions 
of external beam radiation therapy (18). The median survival was not statistically different for 
either anaplastic gliomas or glioblastoma multiforme (GBM) patients. Selker reported the 
results of BTCG 8701, which was phase III trial of 1-125 implant followed by external beam 
radiation therapy (6020 cGy/34 fractions) with l,3-bis(2-chloroethyl)-l-nitrosurea (BCNU) 
vs external beam radiation therapy (6020 cGy/34 fractions) with BCNU ( 19). Like the Prin- 
cess Margaret trial, no survival difference was noted. 

One of the earliest papers reporting the use of radiosurgery as a boost for malignant gliomas 
was from Loeffler at the Joint Center for Radiation Therapy (20). The survival results for the 
23 GBM and 14 anaplastic astrocytoma (AA) patients were impressive. As a result, other 
institutions investigated the use of SRS in conjunction with radiation therapy. The results from 
some institutions did not, however, corroborate the findings from the Joint Center for Radia- 
tion Therapy. Table 1 summarizes the various published institutional results (21-28). Of note, 
the best results are from institutions with the smallest median tumor volume, which demon- 
strates the importance of patient selection in determining outcome (29). 

Given the conflicting results in the literature, the Joint Center for Radiation Therapy, 
University of Florida at Gainesville, and University of Wisconsin at Madison performed a 
multi-institutional review of their data (30). The median survival for the 115 GBM patients 
was an impressive 24 mo with 2-yr survival of 40%. Compared with the results of the RTOG 
recursive partitioning analysis (RPA), the median and 2-yr survivals were significantly 
improved, especially for the class III-VI patients. KPS was the only significant predictor 
of outcome on multivariate analysis. 

Although single institution and multi-institutional results suggested a benefit to SRS boost, 
some investigators believed that the improved survival was a result of selection bias rather 
than true treatment effect, similar to the effect seen with brachytherapy (31). Curran and 
colleagues reviewed the RTOG database of malignant glioma patients enrolled in three 
consecutive trials (RTOG 74-01, 79-18, 83-02) (32). Of the 1743 patients enrolled on these 
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Table 1 


Institutional Results of Stereotactic Radiosurgery for Newly Diagnosed HGG 



No. patients 

Tumor type 

Median tumor volume (cc) 

Median dose (cGy) 

Median survival (mo) 

Shrieve (22) 

78 

GBM 

9.4 

1200 

19.9 

Kondziolka (28) 

107 (65 primary) 

45 GBM 

6.5 (mean) 

1550 (mean) 

20 



20 AA 

6.0 (mean) 

1520 (mean) 

56 

Masciopinto (21 ) 

31 

GBM 

16.4 

1174 

9.5 

Nwokedi(25) 

31 

GBM 

25 

1710 

25 

Gannett(24)* 

30 

17 GBM 

24 (all patients) 

1000 (all patients) 

13 



10 AA 

28 



Shenouda (25) 

14 

GBM 

<34 

2000 

10 

Selch (26) 

35 (18 primary) 

12 GBM 

20 (all patients) 

3000 (all patients) 

9 



6 AA 




Buatti (27) 

11 

6 GBM 

14 (all patients) 

1250 (all patients) 

17 



5 AA 





Note : ‘Included anaplastic mixed oligoastrocytoma and two patients with a gliosarcoma. 
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studies, 1578 had sufficient information to analyze factors that influenced survival. This study 
analyzed 26 pretreatment characteristics and 6 treatment-related variables using recursive 
partitioning analysis (RPA). This analysis stratified patients into 6 distinct classes of malig- 
nant glioma patients with survivals ranging from 4.6 to 58.6 mo. Significant factors included 
age (most significant factor), mental status, histology, working status, extent of surgery, and 
Karnofsky performance status (KPS) (most significant factor for patients age 50 or older). 
Further analysis of RTOG 83-02, a randomized phase I/II study of hyperfractionated radiation 
therapy, into potentially SRS-eligible (1 1.9% of study patients) and ineligible patients dem- 
onstrated superior median survival times (14.4 vs 1 1.9 mo) and 18-mo survival rates (40 vs 
27%) ( 33 ) for SRS eligible patients. Multivariate analysis revealed SRS eligibility to be 
strongly predictive of outcome. 

Given the controversy surrounding the use of SRS in newly diagnosed GBM patients, the 
RTOG initiated a randomized phase III trial of SRS followed by radiation therapy (6000 cGy/ 
30 fractions) with BCNU (80 mg/m 2 days 1- 3 of radiation therapy, then every 8 wk for a total 
of 6 cycles) vs radiation therapy with BCNU ( 34 ). Patients with supratentorial unifocal GBM 
who were 1 8 years of age or older with a KPS of > 60 and a postoperative tumor measuring 
less than 4 cm in maximum diameter were eligible for this study. 

From February 1994 to September 2000, 203 patients with GBM were entered into this 
study. Pretreatment patient characteristics were well balanced between the arms. With a 
median follow-up of 44 mo, the median survival (14.1 mo for the non-SRS arm vs 13.7 mo 
for the SRS arm) and RTOG RPA class III or IV survival were not significantly different. In 
both arms, 90% of the failures presented as a component of local progression. Quality of life 
(Spitzer index) and cognitive function (mini-mental status) were not different in either arm. 

RECURRENT DISEASE 

At the same time investigators were exploring the use of SRS for newly diagnosed patients, 
some centers were also evaluating the role of SRS for recurrent HGG patients. Because many 
of these patients had limited treatment options, SRS appeared to be a potentially good option 
with results that were comparable or better than the available salvage therapies. Unlike the 
newly diagnosed patients, no randomized trial has been performed evaluating the use of SRS 
vs chemotherapy or other salvage modality. Table 2 lists the published institutional results 
( 35 - 40 ). 

The largest published institutional series of recurrent FIGG is from the Joint Center of 
Radiation Therapy. The study had 86 patients with recurrent GBM ( 35 ). Median tumor vol- 
ume was 10. 1 cc (2.2 to 83 cc range). The median actuarial survival was 10.2 mo with 12- and 
24-mo survival rates of 45 and 19%, respectively. The only factors that were predictive of 
outcome were younger age and smaller tumor volume. The actuarial risk for reoperation was 
33% at 1-yr and 48% at 2-yr with the risk being proportional to volume. 

Larson reported the multi-institutional experience of 1 89 glioma patients treated at eight 
gamma knife radiosurgery centers ( 40 ). One hundred thirty-two patients had recurrent glio- 
mas (World Health Organization [WHO] Grade I, 4 patients; WHO Grade II, 35 patients; 
WHO Grade III, 27 patients; and WHO Grade IV, 66 patients). Brachytherapy criteria were 
applied to these patients to determine if patients were eligible for brachytherapy. For the 
recurrent GBM patients, the median survival was 57 wk and 40 wk for the brachytherapy 
eligible and ineligible patients, respectively. For the recurrent AA patients, the median sur- 
vival was not reached and 53 wk for the brachytherapy eligible and ineligible patients, respec- 
tively. 
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Table 2 

Institutional Results of SRS for Recurrent HGG 



No. patients 

Tumor type 

Tumor volume (cc) 

Median dose (cGy) 

Median survival (mo) 

Shrieve (35) 

86* 

GBM 

10.1 

1300 

10.3 

Cho (38) 

46* 

27 GBM 

15 AA 

10 (all pts) 

1700 (all patients) 

1 1 (all pts) 

Kondziolka (27) 

107 (42 recurrent) 

19 GBM 

23 AA 

6.5 (mean) 

6.0 (mean) 

1550 (mean) 

1520 (mean) 

30 (all patients) 

Sanghavi (36) 

30 

8 Gr III 

22 Gr IV 

7.2 (all patients) 

1200 (all patients) 

11 

7 

Park (39) 

23 

GBM 

9.9 

1500 

10.3 

Chamberlain (37) 

20** 

5 GBM 

10 AA 

17 (all patients) 

1340 (all patients) 

7 ( all patients) 


Notes: ‘Included patients with astrocytoma or anaplastic oligodendroglioma. 
"Included patients with fibrillary astrocytoma and primitive neuroectodermal tumor. 
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TOXICITY OF STEREOTACTIC RADIOSURGERY 

Acute complications from SRS are generally minimal and usually transient. These side 
effects may include infection or numbness at a pin site, headache, seizure, nausea, vomiting, 
fatigue, and exacerbation of existing neurologic symptoms. To prevent some of these side 
effects, many centers premedicate and discharge patients on corticosteroids. For those patients 
with a history of seizures, some centers also give antiseizure medications. The most common 
late toxicides include radiation necrosis, steroid dependency, and exacerbation of neurologic 
symptoms such as motor weakness, numbness, or gait difficulties. Given the difficulty in 
distinguishing between radiation necrosis and recurrent/persistent tumor, the reoperation 
rates have varied widely. In the RTOG 9305 study, the incidence of Grade III or higher toxicity 
was not significantly different in either arm ( 34 ). 

RTOG 9005 was a phase I/II dose escalation study that evaluated the maximum tolerated 
dose of SRS for patients with recurrent brain metastases and gliomas ( 41 ). This was an 
important trial that demonstrated that cooperative group radiosurgery trials could be per- 
formed in and helped establish the SRS doses for newly diagnosed and recurrent malignant 
brain tumors. Based on the results of this study, the maximum tolerated doses were 2400 cGy 
for lesions <20 mm in diameter, 1800 cGy for lesions 21 to 30 mm, and 1500 cGy for lesions 
3 1 to 40 mm. Of note, the maximum tolerated dose was not reached for lesions < 20 mm in 
diameter because of the investigators’ reluctance to further escalate the dose. In multivariate 
analysis, maximum tumor diameter, tumor dose, and KPS were associated with significantly 
increased risk for Grade III-V neurotoxicity. The actuarial risk for radiation necrosis was 5, 
8, 9, and 1 1 % at 6, 12, 18, and24mo, respectively. Recurrent glioma patients were rarely able 
to taper off steroids. Table 3 lists the RTOG CNS toxicity criteria used for this study. 

Because radiation necrosis is a potential complication of radiosurgery, accurate diagnosis 
of this entity is important. To help differentiate radiation necrosis from recurrent tumor, 
positron emission tomography (PET), single photon emission CT (SPECT), magnetic reso- 
nance spectroscopy (MRS), or biopsy may be needed to help with diagnosis ( 42 - 46 ). The use 
of corticosteroids usually helps decrease the edema and mass effect associated with radiation 
necrosis. In addition, hyperbaric oxygen may improve neurological symptoms associated 
with radiation necrosis ( 47 ). Intraoperative MRI is useful in facilitating removal of radiation 
necrosis ( 48 ). 


FUTURE DIRECTIONS 

Some investigators are trying to improve outcomes by combining SRS with chemotherapy 
or radiation sensitizers. Others are exploring new imaging modalities to improve treatment 
planning. The James Cancer Center at Ohio State University is currently evaluating the use 
of Motexafin Gadolinium, a redox modulator, with SRS for newly diagnosed GBM as part of 
an NCI-sponsored phase I study (Grecula, personal communication). Landy and colleagues 
reported some encouraging results on the use of estramustine, an oral chemotherapeutic agent, 
for patients with newly diagnosed and recurrent malignant gliomas undergoing - gamma knife 
radiosurgery ( 49 ). PET and MRS are being explored to help define tumor volumes and aid 
treatment planning ( 43 , 50 ). 


CONCLUSION 

Similar to brachy therapy, stereotactic radiosurgery initially had many enthusiastic propo- 
nents for this type of dose escalation. Based on two negative randomized trials with 
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brae hy therapy and one negative trial with SRS, we do not believe that SRS should be part of 
the routine management of most patients with newly diagnosed HGG. In addition, the costs 
associated with SRS and lack of improved quality of life further the argument against SRS in 
this setting and as such we recommend enrollment of these patients on to clinical trials testing 
novel agents or radiation strategies. For recurrent FIGG, scientific evidence remains sparse. 
SRS may be a viable option in some cases, but these patients should be offered clinical trials 
as well. 
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Summary 

The role of systemic chemotherapy in high-grade gliomas (HGG) continues to evolve. The use 
of chemotherapy for central nervous system (CNS) malignancies poses specific challenges related to 
drug delivery and interactions with anticonvulsants. Chemotherapy has become standard in the adju- 
vant therapy of HGG. For patients with chemotherapy-sensitive subgroups of pure and mixed anaplas- 
tic oligodendrogliomas, chemotherapy represents the preferred initial therapy. Chemotherapy is often 
used for patients with recurrent HGG. The efficacy of chemotherapy for patients with HGG is likely 
to improve substantially with the advent of new drugs with novel mechanisms of action, markers to 
select patients likely to benefit from chemotherapy, new methods to enhance drug delivery, and strat- 
egies to circumvent drug resistance. 

Key Words: High-grade glioma; chemotherapy; pre-irradiation chemotherapy; glioblastoma, 
anaplastic oligodendroglioma; recurrent glioma; blood-brain barrier. 

PRINCIPLES OF CHEMOTHERAPY 
FOR CENTRAL NERVOUS SYSTEM MALIGNANCIES 

Treatment of high-grade gliomas (HGG) with systemic chemotherapy poses challenges 
unique to brain tumors. Foremost is the blood-brain barrier (BBB) which impairs delivery of 
adequate concentrations of most chemotherapeutic agents to the tumor. The BBB is main- 
tained by interaction between astrocytes and endothelial cells that protect the brain from the 
foreign and undesirable molecules. This membrane lacks intercellular fenestrations, has high- 
electrical resistance and low-ionic permeability rendering it relatively impermeable to many 
water-soluble compounds ( 1 ). Most cytotoxic drugs traverse the BBB by passive diffusion 
while some use specific endothelial cell transport mechanisms to gain access to the central 
nervous system (CNS). Gadolinium enhancement, however, most likely signifies disruption 
of the BBB that may allow access of chemotherapeutic agents although the degree of penetra- 
tion is unknown. To cross the BBB, chemotherapy agents administered systemically must be 
less than approx 200 daltons in size, lipid soluble, not bound to plasma proteins, and minimally 
ionized. Most cytotoxic agents do not meet these criteria, and when administered systemically 
only a small proportion of the drug reaches the CNS. Several strategies have attempted to 
overcome the BBB. Intra-arterial (with or without BBB disruption) ( 2 ) and convection enhanced 
delivery (CED) ( 3 ) have been used to deliver agents (e.g., carboplatin, etoposide, paclitaxel) that 
do not cross BBB. 

Most patients receive chemotherapy after radiotherapy. Whereas a transient increase in 
BBB permeability occurs early in the course of radiation therapy, long-term damage to the 
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Table 1 


Metabolism of Anticonvulsant Drug Agents 


Anticonvulsant drugs that induce hepatic metabolic enzymes 

Generic name 

Trade name 

Phenytoin 

Dilantin 

Carbamazepine 

Tegretol 

Phenobarbital 

Phenobarbital 

Primidone 

Mysoline 

Oxcarbazepine 

Trileptal 

Anticonvulsant drugs with modest or no 

induction of hepatic metabolic enzymes 

Generic name 

Trade name 

Gabapentin 

Neurontin 

Lamotrigine 

Lamictal 

V alproic Acid 

Depakote, Depakene 

Levetiracetam 

Keppra 

Tiagibine 

Gabitril 

Topiramate 

Topimax 

Zonisamide 

Zonegran 


microvasculature impairs drug delivery to the viable tumor ( 4 ). In addition, radiation-induced 
hypoxia likely reduces the proportion of dividing cells thereby rendering the tumor less 
sensitive to chemotherapy ( 4 ). The formation of necrotic and fibrotic tissue within the irradi- 
ated tumor further reduces the likelihood of tumor shrinkage and confounds the radiographic 
assessment of response to chemotherapy. Radionecrosis can mimic tumor progression many 
months after radiotherapy and can give the false impression of chemotherapy failure. 

Certain aspects of chemotherapy pertain specifically to the treatment of brain tumors. For 
example, acute worsening of cerebral edema can complicate regimens that require significant 
hydration such as those that contain cisplatin ( 5 ). Other regimens such as BCNU/cisplatin can 
cause abrupt reductions in serum anticonvulsant levels that can precipitate seizures ( 6 ). Con- 
versely, anticonvulsants can markedly affect the serum levels of chemotherapeutic agents ( 7 ). 
Hepatic enzyme inducing anticonvulsant drugs (Table 1) decrease the serum concentrations 
of chemotherapeutic drugs that are metabolized through the P-450 cytochrome enzyme path- 
way (P-450) (Table 2) ( 7 , 8 ). Other drugs commonly used in patients with HGG can also 
interact with these chemotherapeutic agents (Table 2). 

ASSESSMENT OF RESPONSE 

Measurement of tumor response to chemotherapy is important not only in clinical trials but 
also in clinical practice. Markers of radiographic responses are traditionally defined as follows: 

• Partial response (PR): Less than 50% decrease in tumor size on imaging (computed tomogra- 
phy [CT]/magnetic resonance imaging [MRI]). (Tumor size is defined by the sum of the 
products of bi-dimensional measurements.) 

• Minor response (MR): 25 to -50% decrease in tumor size on imaging. 

• Stable disease (SD): Less than 25% change in tumor size after chemotherapy. 

• Progressive disease: Tumor enlargement less than 25 % on chemotherapy. 
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Table 2 

Metabolism of Selected Chemotherapeutic Agents 

Chemotherapeutic agents metabolized by P-450 

Irinotecan 

Lomustine 

Vincristine 

Tamoxifen 

Paclitaxel 

Etoposide 

Cis-retinoic acid 

Chemotherapeutic agents not metabolized by P-450 

Temozolomide 

Procarbazine 

Carmustine 

Thalidomide 


As applied to brain tumors, the modified McDonald criteria require that the patient be on 
stable or decreasing doses of steroids in order to meet the above measures of complete, partial 
response, and stable disease ( 9 ). Given the difficulties in tumor assessment by imaging, these 
measures have limited utility in assessment of chemotherapy efficacy in brain tumors, espe- 
cially after radiotherapy. Furthermore, many newer targeted agents can provide meaningful 
durations of progression-free survival in the absence of disease regression. 

Survival parameters are much more useful in measurement of treatment efficacy in HGG. 
Progression-free survival (PFS) and overall survival have become the preferred measures of 
efficacy. Difficulties still arise in the determination of time of progression and this parameter 
can vary significantly with the interval between assessments (e.g., MRI obtained every 2 mo 
vs 3 mo). For tumors with a relatively short survival time such as glioblastoma multiforme 
(GBM), these variables can have significant effects on assessment of PFS. Therefore, 6-mo 
PFS (the proportion of patients free from progression at 6 mo) is probably the most useful 
measure of efficacy particularly in patients with recurrent gliomas. For newly diagnosed 
patients, median survival and 1- and 2-yr survivals are the most commonly used benchmarks. 

PROGNOSTIC VARIABLES 

An understanding of the prognostic variables is critical not only in the assessment and 
management of patients with HGG but also in the interpretation of clinical trial reports. The most 
important prognostic factors identified for adults with HGG are age (< 40, 40-60, >60 yr), tumor 
histology (anaplastic astrocytoma [AA] vs GBM vs. anaplastic oligodendroglioma [AO]), 
performance status (Karnofsky performance status, [KPS] >70 vs <60) and the extent of 
resection ( 10 - 12 ). For a given histology, younger patients live significantly longer than older 
patients ( 13 ). 

A landmark analysis of prognostic factors by the Radiation Therapy Oncology Group (RTOG) 
used recursive partitioning to divide patients into six prognostic classes (Tables 3 and 4) ( 12 ). 
These classes have markedly different prognoses depending primarily on histology, age, and 
KPS. Thus the results of clinical trials must be interpreted in light of these prognostic classes. 
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Table 3 

Classes Divided on Basis of Age, Histology, and Performance Status ( 12) 


HGG: RTOG recursive partition analysis 

Class I: 

Age <50, AA, normal mental status. 


Class II: 

Age > 50, AA, ST > 3 mo. 


Class III: 

Age <50, AA, abnormal mental status. 


Class IV: 

Age <50, GBM, KPS 90-100. 


Class IV: 

Age <50, GBM, KPS <90. 


Class IV: 

Age >50, AA, KPS >70, ST <3 mo. 


Class IV: 

Age >50, GBM, KPS <90, ST < 3 mo, WNFx. 


Class V: 

Age >50, KPS >70, GBM, NWNFx. 


Class V: 

Age >50, KPS >70, GBM, RT dose >54.4 Gy. 


Class V: 

Age >50, KPS <70, normal mental status. 


Class VI: 

Age >50, KPS <70, abnormal mental status, RT dose <54.4 Gy. 

Abbr: AA, anaplastic astrocytoma; GBM, glioblastoma multiforme; KPS, Karnofsky 
performance status; ST, symptom time; WNFx, working neurological function; NWNFx, 

nonworking neurological function; MS, mental status 



Table 4 



Prognosis Based on RPA Class ( 12) 


Class 

Median survival (mo) 2-yr 

survival 

I 

59 

76 

II 

37 

68 

III 

18 

35 

IV 

11 

15 

V 

9 

6 

VI 

5 

4 


A given agent will appear more efficacious in a clinical trial with a predominance of class I 
or II patients compared to a study with mainly class V or VI patients. 

CHEMOTHERAPEUTIC AGENTS 
Single Agents 

Multiple agents have been reported to have activity against HGG, mostly on the basis of 
small phase II trials. Table 5 lists agents most commonly used for these patients ( 14 - 17 , 19 - 
34 ). The only single agents that have been tested in phase III trials are BCNU, procarbazine, 
temozolomide, and streptozoticin ( 14 - 19 ). Several randomized phase II trials have tested 
single agents but these studies are not designed or powered to make comparisons between 
agents ( 20 ). 


Drug Combinations 

Multiple drug combinations have been tested in the treatment of HGG. The most common 
combination has been PCV (procarbazine, CCNU, vincristine). It is still used occasionally as 
a first line regimen in AO and AA but it has been largely replaced by temozolomide in this 
setting because pf the higher incidence of nonhematological toxicity and dose-limiting cumu- 
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Table 5 

Selected Agents Active Against HGG 


Agent 

Primary mechanism of action 

Toxicides particular to agent 

Comments 

Refs. 

Nitrosoureas 

(BCNU, CCNU ACNU) 

DNA alkylation 

Myelosuppression, cumulative 
and often irreversible; 
pulmonary fibrosis 

BCNU, CCNU most commonly 
used. BCNU also used in 
implantable wafers 

(14,15,17,19,21) 

Temozolomide 

DNA methylation 

Myelosuppression, noncumulative 

The most commonly used agent 
in gliomas; relatively low 
toxicity profile 

(16,22,23) 

Procarbazine 

DNA alkylation 

Interaction with MAO inhibitors 
and tyramine-rich foods 

Used mostly in PCV combination 
regimen 

(20,24) 

Irinotecan 

Topoisomerase I inhibition 

Diarrhea can be severe 

Marked effect on serum levels by 
P450-active AEDs 

(25-27) 

Isotretinoin 

(cis retinoic acid) 

Differentiating agent 

Chelitis, teratogenic 

Well tolerated, mainly cytostatic 

(28,29) 

Tamoxifen 

PKC inhibition 

Deep vein thrombosis 

Used in high doses 
(160-240 mg/d) 

(30-34) 


Abbr: MAO, monoamine oxidase; AED, antiepileptic drug; PKC, protein kinase C. 
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Table 6 


Drug Combinations 


Procarbazine, CCNU/lomustine, vincristine (PCV) 
Cyclophosphamide and vincristine 
Cisplatin/Carboplatin and etoposide 
Procarbazine, etoposide and vincristine 
Procarbazine and high dose tamoxifen 
Ifosfamide, carboplatin and etoposide (ICE) 
Procarbazine/BCNU and temozolomide 
Cisplatin and temozolomide 
Mecholorethamine, vincristine and procarbazine 
Irinotecan and bevacizumab 
Imatinib and hydroxyurea 


(35) 

(36) 


(37,38) 


(39) 
(33) 

(40) 


(41,42) 


(43) 

(44) 
(44 a) 
(44b) 


lative myelosuppression of PCV. Other drug regimens used are given in Table 6 (33,35-44). 
None of these combinations, however, have produced a significant improvement in time to 
progression (TTP) or overall survival (OS). 

Several new combination therapies have been reported for patients with recurrent or pro- 
gressive HGG. Selected regimens appear in Table 6. These newer regimens have begun to 
incorporate targeted agents and will hopefully improve efficacy with minimal or no worsening 
of toxicity. 


ADJUVANT CHEMOTHERAPY 


Adjuvant chemotherapy refers to treatment applied at diagnosis as an adjunct to definitive 
surgery and/or radiotherapy. The goal of adjuvant chemotherapy is to increase cell kill, to 
improve survival, and ultimately to enhance the cure or response rate. The role of adjuvant 
chemotherapy has been controversial despite multiple prospective randomized clinical trials 
over the past 30 yr. Several trials demonstrated a modest survival benefit with the addition of 
chemotherapy ( 14,45). Unfortunately, almost all of these trials included both GBM and ana- 
plastic glioma so that conclusions about particular histologies with divergent behaviors could 
not be made. The most recent such trial by Stupp and colleagues, however, included only 
patients with GBM and established temozolomide as standard in the initial treatment for this 
histology (16). This study of patients with newly diagnosed GBM compared radiotherapy 
alone to radiotherapy with temozolomide given during and after radiotherapy. The median 
overall survival was improved significantly in the temozolomide arm (14.6 vs 12.1 mo; p < 
0.001). Two-year survival was also improved (26 vs 1 1%). Thus, radiotherapy with temozolo- 
mide has become standard therapy for patients with newly diagnosed GBM. The next genera- 
tion of clinical trials will build on this regimen in phase II and III trials. As the Stupp trial 
included temozolomide both during and after radiotherapy, it is unknown whether the benefit 
of radiation and temozolomide occurs as a result of concurrent low-dose therapy and/or 
subsequent full-dose therapy. It is known that radiotherapy does cause transient opening of the 
BBB which could improve drug delivery during concurrent therapy ( 45a). Future randomized 
trials of initial therapy for HGG might compare standard concurrent and post-radiation 
temozolomide to either concurrent or post-radiation temozolomide alone in an effort to an- 
swer this question as well as to reduce the costs of adjuvant chemotherapy. 
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Table 7 

Phase III Trials of Radiation Treatment With and Without Chemotherapy for Newly Diagnosed HGG 


Regimens 

Result 

Accrual 

Ref. 

RT vs RT/BCNU 

No change in median survival 

222 

(14) 

RT vs 

MeCCNU vs 
RT/BCNU vs 
RT/MeCCNU 

Trend toward 18-m survival advantage with RT /BCNU 
as compared with RT alone. 

358 

(15) 

RT vs RT/PCV 

No difference in survival 

674 

(47) 

RT vs RT/TMZ 
Glioblastoma only 

2.5-mo survival advantage in RT/TMZ arm 

573 

(16) 


Most investigators have regarded PCV as standard adjuvant therapy for patients with A A 
on the basis of a 1990 report of the Northern California Oncology Group (NCOG) study ( 35 ). 
This trial randomized patients with HGG to adjuvant PCV or BCNU. In the subset of 73 
patients with AA, adjuvant therapy with PCV increased the median survival to 157 wk as 
compared with 82 wk with BCNU. A subsequent analysis of these data, however, cast doubt 
on the superiority of PCV in this setting ( 46 ). This report had pooled data of 4 RTOG trials 
over 15 yr involving over 400 patients. The authors concluded that PCV did not confer a 
survival benefit over BCNU in the adjuvant treatment of patients with AA. Given the substan- 
tially greater toxicity of PCV, this regimen has largely fallen out of favor as first line treatment 
of patients with AA but it is commonly used at recurrence after temozolomide. A current 
Intergroup trial compares BCNU or CCNU with temozolomide and may define standard 
initial therapy for this patient group. 

A 1993 meta-analysis of eight randomized controlled trials (RCT) concluded that the addi- 
tion of nitrosoureas to radiation increased 1-yr survival by 10 %and 2-yr survival by 8.6% in 
patients with HGG ( 49 ). Patients less than 60 yr of age benefited more from chemotherapy as 
compared with the elderly. A more recent meta-analysis in 2002 evaluated over 3000 patients 
from 12 RCT (11 published, 1 unpublished) and provided clear evidence of a small survival 
benefit for patients treated with chemotherapy in addition to radiation therapy ( 50 ). There was 
a 2-mo improvement in median survival and a 15%relative decrease in the risk of death. 

PRE-IRRADIATION OR NEOADJUVANT CHEMOTHERAPY 

Neoadjuvant chemotherapy refers to treatment given at diagnosis before other modalities 
such as radiation. It has several potential advantages. First, neoadjuvant chemotherapy allows 
early treatment of the infiltrating tumor cells that may be at or beyond the border of the 
radiation field. Second, neoadjuvant chemotherapy allows true assessment of the efficacy of 
the chemotherapy. Such information is important at the time of tumor progression in deciding 
whether treatment with the same regimen might be helpful. Finally, new agents are most 
effectively screened for activity in this setting ( 51 ). If a given agent has no efficacy in newly 
diagnosed patients, it will not help patients with recurrent tumors, and further testing in these 
patients can be avoided. The risk of tumor progression during chemotherapy, however, is 
significant, particularly for patients with GBM. The neoadjuvant trial design for patients with 
HGG requires very close monitoring. Most such trials appropriately mandate repeat imaging 
every 4 wk during pre-irradiation chemotherapy. 
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Table 8 

Phase III Trials of Various Chemotherapy Regimens Added 
to Radiation Therapy in Patients with Newly Diagnosed HGG 


Regimens 

Result 

Accrual 

Ref. 

BCNU 

BCNU/Methylprednisolone 

Methylprednisolone 

Procarbazine 

BCNU improved median survival 
as compared to other agents 

527 

(17) 

BCNU 

BCNU/Procarbazine 

BCNU/Hydroxyurea 

procarbazine/VM-26 

Median survival equivalent in all arms. 

510 

(18) 

BCNU vs streptozotocin (19) 

No change in median survival; streptozotocin 
more toxic regimen 

557 

(19) 

BCNU vs PCV (20) 

Median survival equivalent for GBM. 

In AA, PCV superior 

148 

(35) 

BCNU vs BCNU/Cisplatin (21) 

No change in median survival BCNU 
cisplatin more toxic. 

219 

(48) 


Studies of pre-irradiation chemotherapy have shown mixed results. A study by Grossman 
et al. reported a partial response (PR) rate of 42% in 52 patients with HGG treated with BCNU 
and cisplatin; 53% of the patients remained stable ( 5 ). A recent French study, however, 
reported PRs in only 19% of the patients ( 52 ). These discrepancies also underline the hetero- 
geneous nature of HGG. Despite great interest in neoadjuvant chemotherapy in the last de- 
cade, this approach has not yet produced evidence of prolonged survival as compared with 
adjuvant chemotherapy in HGG. Whereas theoretically attractive, pre-irradiation chemo- 
therapy for GBM and AA should not be administered outside of a clinical trial. As more 
effective agents are developed, however, neoadjuvant chemotherapy may develop a role in the 
management of HGG. 

ANAPLASTIC OLIGODENDROGLIOMA 

In contrast to GBM, AO are unusually chemosensitive tumors. Chemosensitivity in this 
tumor type is marked by chromosome lp deletion in the tumor ( 53 - 54 ). In addition, AO may 
harbor loss of 1 9q; however, deletion of 19q without lp deletion does not translate into chemo- 
sensitivity. Patients who have loss of both lp and 19q have marked and often times durable 
responses to chemotherapy associated with prolonged survival with and without radiation. 
Those patients whose tumors have loss of lp but either do not have 19q loss or have other 
genetic alterations (e.g., TP 53 mutation, PTEN mutation, lOq loss, endothelial growth factor 
receptor [EGFR] amplification or CDKN2A loss) can respond to chemotherapy but with a 
shorter duration of response than those patients with loss of both lp and 19q ( 54 ). 

AO that lack lp deletion are less chemosensitive. These tumors can be divided into 2 
groups: those with TP53 mutation who respond to chemotherapy but recur quickly and those 
who lack TP 53 mutation and act like GBM showing poor response to chemotherapy ( 54 ). The 
chemosensitivity of AO is attributed mainly to inability of these tumors to repair DNA damage 
induced by alkylating agents ( 55 ). Hence molecular diagnosis of lp/19q loss provides a 
rational basis for clinical decisions. Patients with lp deletions could be treated safely with 
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chemotherapy alone with radiotherapy deferred until disease progression (53). Chemotherapy 
is increasingly preferred over radiation therapy as initial treatment after surgical resection 
(56,57). Those with intact lp are frequently treated with concurrent chemotherapy and radio- 
therapy although in the context of a clinical trial chemotherapy is reasonable as initial treat- 
ment (57 a) 

For patients with AO, the combination of procarbazine, CCNU, and vincristine (PCV) has 
been the most widely used chemotherapy with responses in up to 75% (58,59). The response 
rates are similar with or without prior radiation treatment (60). Recently six patients with 
recurrent or progressive AO were treated with intensive PCV regimen followed by stem cell 
support, two showed CR while the other four had PR (61). As many as 30% of the patients 
treated with PCV have significant myelosuppression and are unable to complete six cycles of 
chemotherapy. Therefore, temozolomide rather than PCV has become the most common first 
line agent for patients with AO. In a phase II trial, patients with AO treated with temozolomide 
as first line agent showed aresponse rate of 53% (62). In a retrospective study 9 out of 10 (90%) 
patients who had lp deletion responded to temozolomide as compared with 2 out of 6 (33%) 
who had intact lp (63). 

In recurrent AO, PCV is an option if not previously used. In recurrent AO previously treated 
with PCV response rates of 44 to 50% have been achieved with temozolomide (23,64) making 
it a suitable second-line option. Four out of ten patients (40%) responded to etoposide and 
carboplatin, whereas 15%responded to paclitaxel (65). 

Because of their chemosensitivity and durable responses to treatment, AO serve as a useful 
setting for neoadjuvant trials with quality-of-life (QOL) measures. Several such trials are in 
progress (66). Whereas standard therapy for this group of patients is controversial, treatment 
of patients with anaplastic gliomas is based increasingly on genetics rather than on histology. 
Patients with lp deletions are often treated first with chemotherapy with radiation reserved for 
use at the time of progressive disease. Patients with lp intact often receive radiation at diag- 
nosis but this approach is also the subject of clinical trials (66). 

RECURRENT HIGH-GRADE GLIOMAS 

For recurrent HGG no standard chemotherapy exists with the possible exception of PCV 
for chemotherapy sensitive AO. Whereas temozolomide is approved by the United States 
Food and Drug Administration (FDA) for recurrent AA, and in Europe for recurrent GBM, this 
agent is almost always used at diagnosis, largely obviating its role in the recurrent setting. 
Furthermore, approval of this agent was based on a single phase II data for each tumor type 
(20,67). Repeat therapy with this agent is reasonable for the exceptional patient who experi- 
ences a prolonged response (e.g., 6-mo progression-free interval after completion of treat- 
ment) to initial therapy. An alternative strategy is the use of a different treatment schedule of 
the same drug; one example of this approach is the use of low-dose temozolomide (75 mg/m 2 
daily <-» 42 d every 56 d) in the patient who has received standard dose temozolomide. Unlike 
the mechanisms of bolus dosing chemotherapy, such “metronomic” schedules of chemo- 
therapy could produce second responses to the same agent by virtue of anti-angiogenic prop- 
erties (68) and depletion of methylguanine-methyl transferase, an important DNA repair 
enzyme (see below section on “Modulation of Drug Resistance and Delivery”). 

If feasible, surgical resection, or experimental agents or delivery techniques such as con- 
vection-enhanced delivery are the preferred treatment modalities for most patients with recur- 
rent gliomas. Chemotherapy, however, can be useful for certain patients. Those most likely 
to benefit are young patients with low tumor bulk and good performance status. Outside of 
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Table 9 


Outcomes and Prognostic Factors in Recurrent Gliomas: 
Response and Survival Rates ( 69) 


Response 

GBM 
(n = 225) 

AA 

(n = 150) 

Total 
(n = 375) 

CR+PR % 

6 

14 

9 

6 month PFS % 

15 

31 

21 

1 yr PFS % 

8 

20 

12 

1 yr OS % 

21 

47 

32 

Median PFS(wk) 

9 

12 

10 

Median OS (wk) 

25 

47v 

30 


clinical trials, single-agent temozolomide or nitrosoureas like carmustine or lomustine are 
most commonly used although any of the agents listed in Table 5 represent viable options. 
Given the better safety profile temozolomide is often the preferred agent. 

The goal of chemotherapy for recurrent HGG is to stabilize the tumor (i.e., to slow or stop 
its growth.) Because of the limited activity of systemic chemotherapy in this setting, QOL 
needs to be addressed in clinical trials. Therefore, one must have a detailed discussion with 
the patient and the patient’ s family regarding the goals, prognosis, and toxicities of the therapy 
before offering chemotherapy in this setting. One trial of temozolomide has demonstrated 
improvements with QOL in this patient population ( 67 ). 

As a result of the difficulties inherent in measurement of radiographic response in gliomas, 
PFS has emerged as an important response parameter in studies of recurrent HGG. An analysis 
of the MD Anderson database of multiple clinical trials has become a benchmark for historical 
control data ( 69 ). The most commonly used parameters are 6-mo PFS, which for AA is approx 
30% and for GBM approx 15%. 

Future therapies for patients with recurrent HGG are the subject of multiple phase I or II 
clinical trials both by single institutions and by cooperative groups. Some of the classes of 
agents are listed in Table 10. 

STRATEGIES TO IMPROVE CHEMOTHERAPEUTIC 
EFFICACY IN HIGH-GRADE GLIOMAS 

Imroved Patient Selection 

Three areas of advance have occurred that can improve selection of patients for chemo- 
therapy. Analysis of lp and 19q status in AO has been discussed above (see section on “Ana- 
plastic Oligodendroglioma”) and is commonly used to select patients who could be treated 
with chemotherapy as initial therapy. Two additional markers may improve the ability to 
select patients who might benefit for chemotherapy. 

Methylguanine-methyl transferase (MGMT) is a ubiquitous cellular enzyme responsible in 
large part for resistance to the cytotoxic action of DNA alkylating agents (e.g., temozolomide, 
carmustine, lomustine, procarbazine) in HGG. Inactivation of MGMT impairs the ability of 
the cell to repair DNA damage. Methylation of the MGMT gene promoter in the cells of HGG 
inactivates the enzyme. Correlative studies performed on tumor samples in the randomized 
GBM trial of radiotherapy with or without temozolomide ( 16 ) determined that patients whose 
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Table 10 

Selected New Classes of Agents in Clinical Trials for HGG 

Class of agent Examples 


Differentiating agents 
Histone deacetylase inhibitors 
EGFR tyrosine kinase inhibitors 
Pan HER kinase inhibitors 
Iinhibitors of mammalian target 
of rapamycin (mTOR) 

Inhibitors of Ras signaling 

(farnesyl transferase inhibitors) 
Inhibitors of Raf 
Integrin antagonists 
Endothelin receptor antagonist 
Mitotic kinesins 
Proteasome Inhibitors 
Cycloxygenase2 inhibitors 
PARP inhibitors 
VEGF inhibitors 

Platelet derived growth factor inhibitors 


Retinoids, phenylacetate, phenylbutyrate 

Depsipeptide 

Erlotinib 

GW572016 

Temsirolimus (CCI779), RAD001 

Tipifarnib (R1 15777) 

Sorafenib (BAY 43-9006) 

Cilengitide (EMD 121974) 

Atrasentan 
SB 715992 
Bortezomib (PS-341) 

Celecoxib 
ABT 472 
Bevacizumab 
Imatinib 


tumors had methylation of the MGMT promoter survived longer than whose MGMT promoter 
was unmethylated (69a) In the future, methylation status may serve as a marker to select 
patients who are more likely to benefit from alkylating agents. For example, patients with 
methylated MGMT might benefit from additional strategies to inactivate MGMT such as 
scheduling alterations that could deplete the enzyme. The large Intergroup randomized GBM 
trial (RTOG 0525) stratifies patients according to MGMT promoter status to evaluate pro- 
spectively the utility of this marker as a selection tool. 

Similar molecular determinants have been investigated in patients who received inhibitors 
of EGFR kinase (69b) Coexpression of the EGFR deletion mutant variant III (EGFRvIII) and 
the tumor-suppressor protein PTEN in recurrent HGG is associated with responsiveness to 
EGFR kinase inhibitors. Such markers could conceivably become part of patient selection 
criteria for use of these agents. 

MODULATION OF DRUG RESISTANCE AND DELIVERY 

Drug resistance and restricted delivery beyond the BBB remain major limitations in the 
chemotherapy treatment of HGG. Attempts to circumvent these barriers by increased local 
drug delivery include the use of chemotherapy-impregnated wafers, convection enhanced 
delivery (see Chapter 18), and intra-arterial chemotherapy. One technique not yet in clinical 
practice is the use of a fenestrated balloon catheter for the local infusion of chemotherapy. 
Modulation of DNA repair and administration of high-dose chemotherapy represent attempts 
at a systemic level to circumvent drug resistance and to improve dose intensity. 

Carnustine wafers (3.8% BCNU impregnated wafers) are biodegradable polymers contain- 
ing BCNU. These wafers can be implanted into the surgical resection cavity to deliver BCNU 
directly into the tumor. Randomized trials have shown a modest survival benefit both in 
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recurrent and in newly diagnosed patients (70-71 ). A recently formulated BCNU wafer con- 
tains 20% BCNU (as compared with the standard 3.8% wafer) and is in clinical trials. 

High-dose chemotherapy with stem cell rescue attempts to circumvent dose-limiting 
myelosuppression by administration of high-dose chemotherapy followed by autologous stem 
cell rescue. Small trials using high-dose BCNU or high-dose thiotepa/carboplatin followed by 
autologous stem cell rescue have reported promising results (72,73). Nonetheless, this ap- 
proach has generally not been adopted for HGG because of the inherent chemotherapy resis- 
tance of these tumors. High-dose chemotherapy for newly diagnosed AO appears feasible 
with some long-term survivors (74). With the development of more effective agents, high- 
dose chemotherapy may develop a niche in the therapy of patients with good performance 
status and chemotherapy sensitive tumors. 

What about IA combo? Intra-arterial delivery of chemotherapy attempts to deliver high 
local concentrations of drug with smaller systemic doses thereby reducing the systemic side 
effects. The ideal agent for intra-arterial delivery is one that is lipophilic, small in size, and 
undergoes rapid systemic inactivation. Nitrosoureas fulfill these criteria and have been used 
in several trials (75,76). Two series of selected patients with recurrent HGG showed encour- 
aging results using IA carboplatin and intravenous cyclophosphamide with osmotic disrupton 
of the BBB (76a, 76b). Because of toxicity and technical difficulty, however, intra-arterial 
chemotherapy has not been used extensively in treatment of HGG. The lack of efficacy reflects 
the recurring problem with intrinsic drug resistance of most HGG. 

Because MGMT mediates resistance to DNA alkylating agents, it is an ideal target for 
biochemical modulation of anti tumor drug resistance (77). 0 6 -benzyl guanine (0 6 BG) causes 
substantial depletion of MGMT in tumors in phase I trials (78, 7S«)This agent is currently in 
a phase III trial of patients with newly diagnosed GBM in which patients receive radiotherapy, 
BCNU with or without 0 6 BG. Of interest, the maximum tolerated dose of BCNU in the 
combination regimen is 20% of the MTD as a single agent (40 vs 200 mg/m 2 every 6 wk) 
raising the question as to whether this substantially lower dose will provide a therapeutic 
advantage. 

Another strategy for depletion of MGMT is to alter the schedule of administration of 
temozolomide. Protracted low-dose administration (e.g., 14 or 21 d) or higher doses of alter- 
nating schedules can deplete plasma MGMT activity by approx 70% (79). Whether such 
reductions in MGMT will translate into improved therapy is under study. To date, multiple 
small trials have examined alternate dosing schedules for temozolomide for HGG with results 
that are therefore difficult to interpret. A large Intergroup randomized trial for patients with 
newly glioblastoma (RTOG 0525) will compare standard dose temozolomide with extended 
dose temozolomide in an effort to deplete MGMT. The investigators will stratify patients 
according to the methylation status of the MGMT promoter. This stratification will allow the 
investigators to determine whether this marker of MGMT activity can predict efficacy and 
whether pharmacologic MGMT depletion can capitalize on inactivation of the enzyme. 

SUMMARY 

The role of cytotoxic chemotherapy for HGG continues to evolve. As the biology of HGG 
becomes better understood, more effective and less toxic strategies will be developed. In 
addition, new agents that effectively cross the BBB and overcome mechanisms of drug resis- 
tance will be incorporated into combinations with targeted molecules to enhance the 
multimodality management of HGG. 


Chapter 16 / Chemotherapy 


279 


REFERENCES 

1. Muldoon LL, Pagel MA, Kroll RA, Roman-Goldstein S, Jones RS, Neuwelt EA. A physiological barrier 
distal to the anatomic blood-brain barrier in a model of transvascular deliver. Am J Neuroradiol 1 999;20:2 17- 
222 . 

2. Ashby LS, Shapiro WR. Intra-arterial cisplatin plus oral etoposide for the treatment of recurrent malignant 
glioma: a phase II study. J Neurooncol 2001;51:67-86. 

3. Mardor Y, Roth Y, Lidar Z, et al. Monitoring response to convection-enhanced taxol delivery in brain tumor 
patients using diffusion-weighted magnetic resonance imaging. Cancer Res 2001;61:4971-4973. 

4. Sheline GE, Wara WM, Smith V. Therapeutic irradiation and brain injury. Int J Radiat Oncol Biol Phys. 
1980;6:1215-1228. 

5. Grossman SA, Wharam M, Sheidler V, et al. Phase II study of continuous infusion carmustine and cisplatin 
followed by cranial irradiation in adults with newly diagnosed high-grade astrocytoma. J Clin Oncol. 
1997;15:2596-2603. 

6. Grossman S A, Sheidler VR, Gilbert MR. Decreased phenytoin levels in patients receiving chemotherapy. Am 
J Med. 1989;87:505-510. 

7. Grossman SA, Hochberg F, Fisher J, et al. Increased 9-aminocamptothecin dose requirements in patients on 
anticonvulsants. NABTT CNS Consortium. The New Approaches to Brain Tumor Therapy. Cancer Chemother 
Pharmacol. 1998;42:118-126. 

8. Fetell MR, Grossman SA, Fisher JD, et al. Preirradiation paclitaxel in glioblastoma multiforme: efficacy, 
pharmacology, and drug interactions. New Approaches to Brain Tumor Therapy Central Nervous System 
Consortium. J Clin Oncol. 1997;15:3121-3128. 

9. McDonald DR, Cascino TF, Schold SC Jr, Cairncross JG. Response criteria for phase II studies of supratentoral 
malignant glioma. J Clin Oncol 1990;8:1277-1280. 

10. Eagen RT, Scott M. Evaluation of prognostic factors inchemotherapy of recurrent brain tumors. J Clin Oncol. 
1983;1:38-44. 

1 1. Nelson DF, Nelson JS, Davis DR. Chang CH, Griffin TW, Pajak TF. Survival and prognosis of patients with 
astrocytoma with atypical or anaplastic features. J Neurooncol. 1985;3:99-103. 

12. Curran WJ Jr, Scott CB, Horton J, et al. Recursive partitioning analysis of prognostic factors in three Radiation 
Therapy Oncology Group malignant glioma trials. J Natl Cancer Inst 1993;85:704-710. 

13. Byar DP Green SB, Strike TA, et al. Prognostic factors for malignant gliomas. In Walker MD (ed). Oncology 
of the nervous system. Boston. Marinus Nijhoff, 1983:379-395. 

14. Walker MD, Alexander E Jr, Hunt WE, et al. Evaluation of BCNU and/or radiotherapy in the treatment of 
anaplastic gliomas. A cooperative clinical trial. J Neurosurg 1978;49:333-343. 

15. Walker MD, Green SB, Byar DP, et al. Randomized comparisons of radiotherapy and nitrosoureas for the 
treatment of malignant glioma after surgery. N Engl J Med 1980;303:1323-1329. 

16. Stupp R, Mason WP, van den Bent MJ, et al. European Organisation for Research and Treatment of Cancer 
Brain Tumor and Radiotherapy Groups; National Cancer Institute of Canada Clinical Trials Group. Radio- 
therapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med 2005;352:987-96. 

17. Green SB, Byar DP, Walker MD, et al. Comparisons of carmustine, procarbazine, and high-dose methylpred- 
nisolone as additions to surgery and radiotherapy for the treatment of malignant glioma. Cancer Treat Rep 
1983;67:121-132. 

18. Shapiro WR, Green SB, Burger PC, et al. Randomized trial of three chemotherapy regimens and two radio- 
therapy regimens and two radiotherapy regimens in postoperative treatment of malignant glioma. Brain Tumor 
Cooperative Group Trial 8001. J Neurosurg 1989;71:1-9. 

19. Deutsch M, Green SB, Strike TA, et al. Results of a randomized trial comparing BCNU plus radiotherapy, 
streptozotocin plus radiotherapy, BCNU plus hyperfractionated radiotherapy, and BCNU following 
misonidazole plus radiotherapy in the postoperative treatment of malignant glioma. Int J Radiat Oncol Biol 
Phys 1989:16:1389-1396. 

20. Yung YK, Albright RE, Olson J, et al. A phase II study of temozolomide vs procarbazine in patients with 
glioblastoma at first relapse. Brit J Cancer 2000;83:588-593. 

21. Westphal M, Hilt DC, Bortey E, et al. A phase 3 trial of local chemotherapy with biodegradable carmustine 
(BCNU) wafers (Gliadel wafers) in patients with primary malignant glioma. Neuro-oncol 2003;5:79-88. 

22. Dhodapkar M, Rubin J, Reid JM, et al. Phase I trial of temozolomide (NSC 362856) in patients with advanced 
cancer. Clin Cancer Res 1997;3:1093-1 100. 

23. van den Bent MJ, Chinot O, Boogerd W, et al. Second-line chemotherapy with temozolomide in recurrent 
oligodendroglioma after PCV (procarbazine, lomustine and vincristine) chemotherapy: EORTC Brain Tumor 
Group phase II study 26972. Ann Oncol 2003;14:599-602. 


280 


Part IV / Ahluwalia and Peereboom 


24. Rodriguez LA, Prados M, Silver P, Levin VA. Reevaluation of procarbazine for the treatment of recurrent 
malignant central nervous system tumors. Cancer 1989;64:2420-2423. 

25. Hare CB, Elion GB, Houghton PJ, et al. Therapeutic efficacy of the topoisomerase I inhibitor 7-ethyl- 10-(4- 
[l-piperidino]-l-piperidino)-carbonyloxy-camptothecin against pediatric and adult central nervous system 
tumor xenografts. Cancer Chemother Pharmacol 1 997;39(3): 187—191. 

26. Friedman HS, Petros WP. Friedman AH, et al. Irinotecan therapy in adults with recurrent or progressive 
malignant glioma. J Clin Oncol 1999;17:1516-1525. 

27. Gruber ML, Buster WP. Temozolomide in combination with irinotecan for treatment of recurrent malignant 
glioma. Am J Clin Oncol 2004;27:33-38. 

28. Meyskens FL Jr, Goodman GE, Alberts DS. 13-Cis-retinoic acid: pharmacology, toxicology, and clinical 
applications for the prevention and treatment of human cancer. Crit Rev Oncol Hematol 1985;3:75-101. 

29. Wismeth C, Hau P, Fabel K, et al. Maintenance therapy with 13-cis retinoid acid in high-grade glioma at 
complete response after first-line multimodal therapy — a phase-II study. J Neurooncol 2004;68:79-86. 

30. Couldwell WT, Antel JP, Y ong VW. Protein kinase C activity correlates with the growth rate of malignant gliomas: 
Part II. Effects of glioma mitogens and modulators of protein kinase C. Neurosurgery 1992;31:717-724. 

31. Couldwell WT, Hinton DR, Surnock AA, et al. Treatment of recurrent malignant gliomas with chronic oral 
high-dose tamoxifen. Clin Cancer Res 1996;2:619-622. 

32. Zhang W, Yamada H, Sakai N, Niikawa S, Nozawa Y. Enhancement of radiosensitivity by tamoxifen in C6 
glioma cells. Neurosurgery 1992;31:725-729; discussion 729-730. 

33. Brandes AA, Ermani M, Turazzi S, et al. Procarbazine and high-dose tamoxifen as a second-line regimen in 
recurrent high-grade gliomas: a phase II study. J Clin Oncol 1999;17:645-650. 

34. Chamberlain MC, Kormanik PA. Salvage chemotherapy with tamoxifen for recurrent anaplastic astrocyto- 
mas. Arch Neurol 1999;56:703-708. 

35. Levin VA, Silver P, Hannigan J, et al. Superiority of post-radiotherapy adjuvant chemotherapy with CCNU, 
procarbazine, and vincristine (PC V) over BCNU for anaplastic gliomas: NCOG 6G6 1 final report. Int J Radiat 
Oncol Biol Phys 1990;18:321-324. 

36. Longee DC, Friedman HS, Albright RE Jr, et al. Treatment of patients with recurrent gliomas with cyclophos- 
phamide and vincristine. J Neurosurg 1990;72:583-588. 

37. Buckner JC, Brown LD, CascinoTL, et al. Phase II evaluation of infusional etoposide andcisplatin inpatients 
with recurrent astrocytoma. J Neurooncol 1990;9:249-254. 

38. Watanabe K, Kanaya H, Fujiyama Y, Kim P. Combination chemotherapy using carboplatin (JM-8) and 
etoposide (JET therapy) for recurrent malignant gliomas: a phase II study. Acta Neurochir (Wien) 
2002;144:1265-1270. 

39. Heilman RM, Calogero JA, Kaplan BM. VP- 16, vincristine and procarbazine with radiation therapy for 
treatment of malignant brain tumors. J Neurooncol 1990;8:163-166. 

40. Sanson M, Ameri A, Monjour A, et al. Treatment of recurrent malignant supratentorial gliomas with ifosfamide, 
carboplatin and etoposide: a phase II study. Eur J Cancer 1996;32A:2229-2235. 

4 1 . Ne wlands ES , Foster T, Zaknoen S . Phase I study of temozolamide (TMZ) combined with procarbazine (PCB ) 
in patients with gliomas. Br J Cancer 2003;89:248-251. 

42. Chang SM, Prados MD, Y ung WK, et al. Phase II study of neoadjuvant 1 , 3-bis (2-chloroethyl)- 1 -nitrosourea 
and temozolomide for newly diagnosed anaplastic glioma: a North American Brain Tumor Consortium Trial. 
Cancer 2004;100:1712-1716. 

43. Brandes AA, Basso U, Reni M, et al. Gruppo Italiano Cooperativo di Neuro-Oncologia. First-line chemo- 
therapy with cisplatin plus fractionated temozolomide in recurrent glioblastoma multiforme: a phase II study 
of the Gruppo Italiano Cooperativo di Neuro-Oncologia. J Clin Oncol 2004;22:1598-1604. 

44. Coyle T, Baptista J, Winfield J, et al. Mechlorethamine, vincristine, and procarbazine chemotherapy for 
recurrent high-grade glioma in adults: a phase II study. J Clin Oncol 1990;8:2014-2018. 

44a. Stark-Vance V. Bevacizumab and CPT-11 in the treatment of relapsed malignant glioma. Neuro-Oncol 
2005:7:369 (abstr342). 

44b. Dresemann G. Imatinib and hydroxyurea in pretreated progressive glioblastoma multiforme: a patient series. 
Ann Oncol. 2005;16:1702-1708. 

45 . Chang CH, Horton J, Schoenfeld D, et al. Comparison of postoperative radiotherapy and combined postoperative 
radiotherapy and chemotherapy in the multidisciplinary management of malignant gliomas. A joint Radiation 
Therapy Oncology Group and Eastern Cooperative Oncology Group study. Cancer 1983;52:997-1007. 

45a. van Vulpen M, Kal HB, Taphoorn MJ, El-Sharouni SY. Changes in bloodbrain barrier permeability induced 
by radiotherapy: Implications for timing of chemotherapy? Oncol Rep 2002;9:683-688. 

46. Prados MD, Scott C, Curran WJ Jr, Nelson DF, Leibel S, Kramer S. Procarbazine, lomustine, and vincristine 
(PCV) chemotherapy for anaplastic astrocytoma: A retrospective review of radiation therapy oncology group 


Chapter 16 / Chemotherapy 


281 


protocols comparing survival with carmustine or PCV adjuvant chemotherapy. J Clin Oncol 1999; 17:3389- 
3395. 

47. Medical Research Council Brain Tumor Working Party. Randomized trial of procarbazine, lomustine, and 
vincristine in the adjuvant treatment of high-grade astrocytoma: a Medical Research Council trial. J Clin 
Oncol 2001;19:509-518. 

48. Grossman SA, O’Neill A, Grunnet M, et al. Phase III study comparing three cycles of infusional carmustine 
and cisplatin followed by radiation therapy with radiation therapy and concurrent carmustine in patients with 
newly diagnosed supratentorial glioblastoma multiforme: Eastern Cooperative Oncology Group Trial 2394. 
J Clin Oncol 2003;21:1485-1491. 

49. Fine HA, Dear KB, Loeffler JS, Black PM, Canellos GP. Meta-analysis of radiation therapy with and without 
adjuvant chemotherapy for malignant gliomas in adults. Cancer 1993;71:2585-2597. 

50. Stewart LA. Chemotherapy in adult high-grade glioma: a systematic review and meta-analysis of individual 
patient data from 12 randomised trials. Lancet 2002;359: 101 1-1018. 

51. Grossman SA, Fisher JD, Piantadosi S, Brem H. The New Approaches to Brain Tumor Therapy (NABTT) 
CNS Consortium: Organization, objectives and activities. Cancer Control 1998;5:107-114. 

52. Mathieu NT, Genet D. Labrousse F, et al. Pre-irradiation chemotherapy for newly diagnosed high grade 
astrocytoma. Anticancer Res 2004;24:1249-1253. 

53. Cairncross JG, Ueki K, Zlatescu M, et al. Specific genetic predictors of chemotherapeutic and survival in 
patients with anaplastic oligodendrogliomas. J Natl Cancer Inst 1998;90:1473-1479. 

54. Ino Y, Betensky RA, Zlatescu MC, et al. Molecular subtypes of anaplastic oligodendroglioma: implications 
for patient management at diagnosis. Clin Cancer Res 2001;7:839-845. 

55 . Perry JR. Louis DN, Cairncross JG. Current treatment of oligodendrogliomas. Arch Neurol 1 999;56:434-436. 

56. Fortin D, Cairncross GJ, Hammond RR. Oligodendroglioma: an appraisal of recent data pertaining to diag- 
nosis and treatment. Neurosurgery 1999;45:1279-1291; discussion 1291. 

57. Paleologos NA. Oligodendroglioma. Curr Treat Options Neurol 2001;3:59-66. 

57a. Peereboom DM, Kaur H. Wood L, et al. Phase II multicenter study of 7/7 dosing of temozolomide in patients 
with newly diagnosed pure and mixed anaplastic oligodendroglioma. Neuro-oncol 2005;7:401 (abstr 470). 

58. Cairncross G, Macdonald D, Ludwin S, et al. Chemotherapy for anaplastic oligodendroglioma. National 
Cancer Institute of Canada Clinical Trials Group. J Clin Oncol 1994;12:2013-2021. 

59. van den bent MJ. Chemotherapy of Oligodendroglial tumors: current developments. Forum 2000; 10: 108-1 18. 

60. Bouffet E, Jouvet A, Thiesse P, Sindou M. Chemotherapy for aggressive or anaplastic high grade oligoden- 
drogliomas and oligoastrocytomas: better than a salvage treatment. Br J Neurosurg 1998;12:217-222. 

61. Zander T, Nettekoven W, Kraus JA, et al. Intensified PCV-chemotherapy with optional stem cell support in 
recurrent malignant oligodendroglioma. J Neurol 2002;249:1055-1057. 

62. van den Bent MJ, Taphoorn MJ, Brandes AA, et al. Phase II study of first-line chemotherapy with temozolomide 
in recurrent oligodendroglial tumors: the European Organization for Research and Treatment of Cancer Brain 
Tumor Group Study 26971. J Clin Oncol 2003;21:2525-2528. 

63. Chahlavi A, Kanner A, Peereboom D, Staugaitis SM, Elson P, Barnett G. Impact of chromosome lp status 
in response of oligodendroglioma to temozolomide: preliminary results. J Neurooncol 2003;61:267-73. 

64. Chinot OL, Honore S, Dufour H, et al. Safety and efficacy of temozolomide in patients with recurrent anaplastic 
oligodendrogliomas after standard radiotherapy and chemotherapy. J Clin Oncol 2001;19:2449-2455. 

65. Chamberlain MC, Kormanik PA. Salvage chemotherapy with paclitaxel for recurrent oligodendrogliomas. J 
Clin Oncol 1997;15:3427-3432. 

66. Peereboom D, Kaur H, Wood L, et al. Phase II multicenter study of dose-intense (7days on/7days off) 
temozolomide in patients with newly diagnosed pure and mixed anaplastic oligodendroglioma. J Neuro-oncol 
2003;5:353. 

67. Yung WK, Prados MD, Yaya-Tur R, et al. Multicenter phase II trial of temozolomide in patients with 
anaplastic astrocytoma or anaplastic oligoastrocytoma at first relapse. Temodal Brain Tumor Group. J Clin 
Oncol 1999;17:2762-2771, erratum: J Clin Oncol 1999:17:3693. 

68. Kerbel RS, Kamen BA. The anti-angiogenic basis of metronomic chemotherapy. Nature Reviews. Cancer 
2004;4:423-436. 

69. Wong ET, Hess KR, Gleason MJ, et al. Outcomes and prognostic factors in recurrent glioma patients enrolled 
onto phase II clinical trials.J Clin Oncol. 1999;17:2572-2578. 

69a. Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing and benefit from temozolomide in glioblas- 
toma. N Engl J Med. 2005;352:997-1003. 

69b. Mellinghoff IK, Wang MY. Vivanco I, et al.. Molecular determinants of the response of glioblastomas to 
EGFR kinase inhibitors. N Engl J Med 2005;353:2012-2024. 


282 


Part IV / Ahluwalia and Peereboom 


70. Brem H, Piantadosi S, Burger PC, et al. Placebo-controlled trial of safety and efficacy of intraoperative 
controlled delivery by biodegradable polymers of chemotherapy for recurrent gliomas. The Polymer-brain 
Tumor Treatment Group. Lancet 1995;345:1008-1012. 

71. Westphal M, Hilt DC, Bortey E, et al. Ram Z. A phase 3 trial of local chemotherapy with biodegradable 
carmustine (BCNU) wafers (Gliadel wafers) in patients with primary malignant glioma. Neuro-oncology 
2003;5:79-88. 

72. Johnson DB , Thompson JM, Corwin JA, et al. Prolongation of survival for high-grade malignant gliomas with 
adjuvant high-dose BCNU and autologous bone marrow transplantation. J Clin Oncol 1987;5:783-789. 

73. Chen B, Ahmed T, Mannancheril A, Gruber M, Benzil DL. Safety and efficacy of high-dose chemotherapy 
with autologous stem cell transplantation for patients with malignant astrocytomas. Cancer 2004;100:2201- 
2207. 

74. Abrey LE, Childs BH, Paleologos N, et al. High-dose chemotherapy with stem cell rescue as initial therapy 
for anaplastic oligodendroglioma. J Neuro-oncol 2003;5:127-134. 

75. Newton HB, Slivka MA, Stevens CL, et al. Intra-arterial carboplatin and intravenous etoposide for the 
treatment of recurrent and progressive non-GBM gliomas. J Neuro-oncol 2002;56:79-86. 

76. Chow KL, Gobin YP, Cloughesy T, et al. Prognostic factors in recurrent glioblastoma multiforme and ana- 
plastic astrocytoma treated with selective intra-arterial chemotherapy. Am J Neurorad 2000;21:471-478. 

76a. Doolittle ND, Miner ME, Hall WA, et al. Safety and efficacy of a multicenter study using intraarterial 
chemotherapy in conjuction with osmotic opening of the blood-brain barrier for the treatment of malignant 
brain tumors. Cancer 2000;88:637-647. 

76b. Fortin D, Desjardins A, Benko A, et al. Enhanced chemotherapy delivery by intraarterial infusion and blood- 
brain barrier disruption in malignant brain tumors. Cancer 2005;103:2606-2615. 

77. Pegg AE, Dolan ME, Moschel RC. Structure, function, and inhibition of 06-alkylguanine-DNA 
alkyltransferase. Prog Nucleic Acid Res Mol Biol 1995;51:167-223. 

78. Spiro TP, Gerson SL, Liu L, et al. 0 6 -benzylguanine: a clinical trial establishing the biochemical modulatory 
dose in tumor tissue for alkyltransferase-directed DNA repair. Cancer Res 1999;59:2402-2510. 

78a. Quinn JA, Desjardins A, Weingart J, et al. Phase I trial of temozolomide plus o6-benzylguanine for patients 
with recurrent or progressive malignant glioma. J Clin Oncol 2005;23:7178-7187. 

79. Tolcher AW, Gerson SL, Denis L, et al. Marked inactivation of 0 6 -alkylguanine-DNA alkyltransferase 
activity with protracted temozolomide schedules. Br J Cancer 2003;88:1004-101 1. 



Nursing Considerations 


Kathleen Lupica and Gail Ditz 


Summary 

The diagnosis of a malignant brain tumor is a stressful and traumatic event for patients and 
families. Management of patients with a malignant brain tumor requires a team effort where nursing 
plays a unique role. Neuro-oncology nurses are nurses who care for patients with primary and meta- 
static cancers of the central nervous system and patients with neurologic complications from their 
systemic cancer or treatments. These nurses face unique challenges when caring for patients with high- 
grade gliomas. Nurses provide care to these patients in many settings, from initial diagnosis to death, 
and in a wide variety of roles. Nurses are constantly attempting to recognize, prevent, and treat com- 
plications whether at the bedside, in the outpatient department, or by telephone triage and support. 
General nursing concerns for this patient population focus on the following: patient and family edu- 
cation, symptom management, and appropriate referrals. The focus of nursing care is to improve 
survival and maintain quality of life through recognition of symptoms and knowledgeable symptom 
control. 

Key Words: Caregivers; quality-of-life; deep vein thrombosis; steroid management; symptom 
management; nursing roles; seizure management; patient education; fatigue; social support; emotional 
distress. 


INTRODUCTION 

Neuro-oncology nurses are nurses who deal with patients with primary and metastatic 
cancers of the central nervous system (CNS) and patients with neurologic complications from 
their systemic cancer or treatments. These nurses face unique challenges especially when 
caring for patients with high-grade gliomas (HGG). Despite recent treatment advances, life 
expectancy remains limited even with aggressive treatment. Focus is on improving survival 
and maintaining quality-of-life. Neuro-oncology nurses apply their knowledge to understand 
the relationship between anatomy and the patient’s symptoms in order to anticipate symptoms 
and possible complications. They must also appreciate the significant impact of the diagnosis 
on patients and their families. 

Multidisciplinary treatment approaches for these patients include conventional treatment 
such as surgery, radiation, and chemotherapy, as well as specialized treatments and clinical 
trials. These patients and their families have unique needs and challenge nurses to use their 
knowledge, skill, and compassion to the highest level ( 1 ). Patients diagnosed with a malignant 
brain tumor face an array of concerns regarding treatment choices, follow-up care, and risk 
of recurrence. Malignant brain tumors can cause significant physical and cognitive impair- 
ment that greatly impacts the patient and family. The impact of the diagnosis of a brain tumor 
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on the patient and family is overwhelming and unique because of the direct effect on the brain 
and thus on the mind, personality, memory, the concept of self, and the ability to function 
independently. Patients can undergo dramatic changes over the course of their illness that 
impact not only the patient, but the family, staff, and other caregivers. 

Management of patients with malignant brain tumors requires a team effort where nursing 
plays a unique role. Depending on the level of education of the individual nurse and local state 
laws, the role of the nurse can vary from a supervisory role — where all decisions must be made 
by the treating physician — to an independent practitioner. Advanced practice nurses, in many 
fields, may make independent decisions regarding patient management, medication manage- 
ment, and order therapies and diagnostic tests. Some of the more unique roles available to 
neuro -oncology nurses are discussed later in this chapter. General nursing concerns focus on 
patient and family education, symptom management, and appropriate referrals. 

PATIENT AND FAMILY EDUCATION 

Informed patients often cope better and informed families are better equipped to offer care 
and support ( 2 ). Patients and families should be urged to be active participants in their care. 
Patient and family education occurs throughout the continuum of the disease. Information 
must be provided in both verbal and written forms and continually repeated and reinforced. 
Important periods requiring education along the disease course are at initial presentation of 
symptoms, hospitalization, diagnosis, initiation of new treatments or procedures, recurrence, 
and at end-of-life. 

Information needs change over time. Patients and families require factual information 
regarding their particular diagnosis, treatment options, managing their medications, handling 
common symptoms and side effects, and recognizing medical emergencies. The key is to 
empower patients and families to effectively manage their own care. Also important are 
specific details on the likely course(s) of their illness and the supportive resources available 
to them over the course of their disease. The key is to provide accurate information so that 
patient and families can make informed decisions. Desperate families who have not been 
given adequate information may make decisions based on misinformation in the media, on the 
Internet, and from well-intentioned friends and family members. Information provided should 
be easy to understand and accurate. Adequate education can decrease anxiety and sustain 
confidence. Ideally, patient education materials need to be written at a ninth grade level or 
below and include simple words, short sentences, be reasonable in length, and in large print, 
usually 12 point or higher. They should also include, whenever appropriate, instructional 
graphics ( 3 ). 

The team should encourage questions. Patients should be advised to keep a diary or journal 
and to write down questions and prioritize their concerns. This can result in office visits that 
are less frantic and can reduce the number of phone calls. Patients should be urged to bring 
someone with them to all appointments. Information should be provided in a calm and com- 
forting manner. The key is to maintain an open line of communication between the team, the 
patient, and the patient’s family over the course of the illness and to ensure that the commu- 
nication and information is comprehensive and consistent. Continual teaching and reinforce- 
ment of previous teaching as well as interpretation of outside information is key to an open 
line of communication between everyone. The focus is on answering questions, providing 
information, and constantly repeating information. It is imperative to involve the family and 
other caregivers at all times. Patients will do better with complex treatment if they are informed 
and understand the goal of treatment ( 4 ). 
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Medications and Chemotherapy 

Patients and families should be educated regarding all medications and treatments pre- 
scribed. The drug’s indications for use, expected outcomes, appropriate dosing schedules, 
potential side effects, and symptoms of toxicity should be reviewed. Patients and families who 
receive adequate education are more likely to be compliant regarding their medications and 
treatments. Potential interactions with foods and other drugs including alcohol and over-the- 
counter (OTC) medications, such as vitamins and supplements, should be included. Caregivers 
and patients should be educated on the importance of reporting all alternative health practices 
to their health care providers ( 5 ). They should also be provided with legitimate sources for 
complementary and alternative treatments. 

PREOPERATIVE ASSESSMENT AND EDUCATION 
OF THE NEUROSURGICAL PATIENT 

Preoperative Education 

Preoperative education for the patient with a high-grade CNS malignancy is a unique 
challenge to nurses. Management of this patient population involves multiple treatment 
modalities and requires ongoing vigilance of a multidisciplinary team to detect and treat newly 
diagnosed and recurrent tumors. Multiple studies have indicated that preoperative education 
significantly reduces pre- and postoperative anxiety. Certainly, with the addition of a potential 
malignant diagnosis, and the often rapid succession of events from diagnosis to surgery, 
patient and family education is a cornerstone in this population. 

Preoperative education can broadly cover the entire surgical experience of the patient. 
Patients need to be educated on their individual surgical procedure, medication use and 
potential side effects, necessary neurodiagnostic testing (preoperative and over the con- 
tinuum), and education regarding how to identify and prevent the more common postoperative 
complications such as deep vein thrombosis (DVT) and wound infection. A detailed history 
and a physical examination are the basis of every patient evaluation, and will aid in decision- 
making before surgical intervention. Many institutions use Critical Pathways to delineate the 
inpatient and outpatient care required during the perioperative period ( 6 ). Outpatient visits are 
necessary to medically optimize patients prior to surgery and to provide crucial patient edu- 
cation by the nursing staff. The patient should be provided with both verbal and written 
information pertinent to their diagnosis, procedure, and plan of care. 

It is important to have a complete medication list from the patient including not only pre- 
scription drugs but OTC medications, vitamins, “as needed” drugs, as well as herbal supple- 
ments and preparations. The medication list should be reviewed at every visit with the patient 
and changes made as necessary. Aspirin and aspirin containing preparations, anticoagulants, 
nonsteroidal anti-inflammatories (NSAIDs), and vitamins, minerals, and herbal medications 
should be stopped prior to surgery. The length of cessation varies from physician to physician 
and individual institutional policies. Anesthesiologists are conducting research to determine 
exactly how certain herbals interact with certain anesthetics. They are finding that certain 
herbal medicines may prolong the effects of anesthesia; other medications may increase the 
risks of bleeding or raise blood pressure ( 7 ). Certain oral hypoglycemics also need to be dis- 
continued at some point prior to surgery, depending on the individual drug, and can be iden- 
tified during the review of medications. Patients and their families need to be educated on what 
medications to stop prior to surgery, as well as what medications are necessary to take the 
morning of their procedure, despite their nothing to eat or drink after midnight status. 
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A battery of tests is routinely ordered preoperatively and throughout the patient’s course 
of treatment. In addition to routine preoperative laboratory studies, it is important to remember 
to monitor anticonvulsant levels and make necessary adjustments accordingly. Multiple 
neurodiagnostic tests may be ordered for the patient with a HGG. It is important the patient 
be educated on the rationale for these studies, which include: 

• Cerebral angiograpy: Invasive method of visualizing cerebral vascular structures. 

• Cerebrospinal Fluid ( CSF)flow scan: Used to evaluate CSF flow abnormalities, particularly 
in patients with leptomeningeal disease or tumors within the ventricular system (8). 

• Computed Tomography ( CT): Helpful in evaluating soft tissue, edema, bony lesions, calcifi- 
cations, or hemorrhage. If a contrast agent is used, it is usually iodine-based and patients who 
are allergic to iodine should inform their health care providers before undergoing a CT scan 
with contrast. 

• Electroencephalogram (EEC): Used to document seizure activity, seizure focus and focal 
slowing of brain waves. 

• Functional MRl(fMRl): Detects physiological changes during physical and cognitive activity; 
may be used for evaluation of language, sensory, and motor function. 

• Lumbar puncture/spinal tap: Helpful in diagnosing of leptomeningeal involvement. 

• Magnetic resonance angiography (MRA ): Noninvasive method of visualizing vascular struc- 
tures. 

• Magnetic resonance imaging (MRI): Shows structure in three planes, with and without contrast 
(gadolinium). MRI is the examination of choice for primary brain tumors. 

• Magnetic resonance spectroscopy (MRS): Measures the level of metabolites, ratio of choline 
to creatine to help differentiate necrosis or scarring from malignancy. The level of metabolites 
in tumors is different from that of normal brain tissue; the presence of lactate may suggest a 
higher grade tumor. 

• Magnetic resonance venogram (MRV): Noninvasive method of visualizing venous structures 
and patency of cerebral sinuses. 

• Positron emission tomography scan F-18 fluorodeoxy glucose (FDG): Measures tissue metabo- 
lism; currently the most effective method to differentiate treatment related necrosis or scarring 
(hypometabolic) vs tumor (hypermetabolic). Aggressive tumors generally have a higher rate 
of metabolism and therefore a higher uptake of FDG. 

• Stereotactic MRI and CT: Studies done preoperatively for surgical localization puiposes to 
provide computer-assisted, three-dimensional surgical guidance. 

• Thallium 201 single-photon emission compu ted tomography ( SPECT): May help differentiate 
tumor versus radiation necrosis. 

• WADA: Cerebral angiography with addition of neurologist present testing for definitive lan- 
guage and memory dominance. 

One of the nurse’s main responsibilities during this diagnostic period is to provide infor- 
mation about the necessary tests, however, the emotional impact of the possibility of a brain 
tumor or its recurrence can cause extreme stress. The impact of the diagnosis is dependent on 
the extent the patient is able to understand the information and how it will affect their life. It 
is important to develop individualized teaching plans that are flexible and can adapt to the 
patient’s broad range of physical and emotional needs. 

Education about postoperative concerns should begin preoperatively. Numerous compli- 
cations and problems can develop after a craniotomy. The nurse is responsible for monitoring 
the patient for the development of complications and implementing preventative measures 
when possible (9). Within the medical community, DVT is a well -recognized problem in 
persons with brain cancer ( 10). Postoperatively, routine lower extremity ultrasounds should 
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be ordered to assess for DVT. Consideration should be given to preoperatively screen high- 
risk patients. Routine postoperative instruction includes diligent education regarding daily 
wound inspection and wound care. Special attention needs to be given to the patient and family 
regarding signs and symptoms of infection, or CSF leak, and instructions to call the office 
immediately if questions or concerns arise. Permanents, dyes, or hair bleaching should be 
avoided for at least 4 wk. Patients should be knowledgeable regarding postoperative swelling 
and preventative factors such as sleeping with the head elevated on pillows and keeping active 
and out of bed during the day. Heavy lifting (anything over twenty pounds) should be avoided 
for about 6 wk, gradually increasing, as tolerated thereafter. Teach the patient to avoid activity 
that requires bending at the waist and demonstrate proper body mechanics by bending at the 
knees. It should be mentioned to avoid any activity requiring them to hold their breath, such 
as the Valsalva maneuver. Encourage ambulation, with walking being the exercise of choice, 
and caution patients to use the railing when climbing stairs. Patients should not drive or return 
to work until their physician releases them. Educate the patient that headaches are to be 
expected, but if they persist or increase despite pain medication, they should notify their 
doctor’s office. Prescription pain medication should only be taken as needed, usually in the 
first few days postoperatively, and OTC medication, such as acetaminophen (1000 mg), may 
be taken for minor pain. It is important to educate the patient that narcotic pain medication is 
constipating and the use of laxatives and stool softeners is safe to control constipation. Make 
sure the patient and their family has the physician’s office and emergency phone numbers. 

It is important to include not only the patient in the education process, but their family and 
support system as well, as cognitive deficits are common in this patient population. Encourage 
family members to accompany the patient to appointments to assist in information gathering 
and to provide the necessary emotional support. It is a unique challenge of the neurosurgical 
oncology nurse to prepare the patient for the surgical process. The dynamic nature of the 
disease as well as the patient’s perspective and knowledge of their diagnosis provides many 
opportunities for education in this patient population. 

Disease Specific 

Patients need to understand their particular diagnosis, symptoms, anticipated course, and 
potential side effects and complications. Education should be provided regarding the tumor 
type and grade, location, and possible effects on brain function. Patients and families often 
need to be reassured that the presenting signs and symptoms of malignant brain tumors are 
often easy to misdiagnose initially and that there are no effective screening tools for early 
detection. This information may help relieve any guilt they may be experiencing by thinking 
that they missed something or were misled. 

Reproductive counseling regarding sexual function and fertility is often overlooked given 
the patient’s potentially terminal disease but all patients should be educated regarding sexual 
and reproductive issues. Many female patients may experience premature menopause, irregu- 
lar menstrual cycles, and infertility. Infertility can be permanent, particularly in men and 
women over the age of 40. Patients need to be educated regarding their prognosis so that they 
can make informed decisions regarding future childbearing. Males may choose to bank sperm 
prior to undergoing treatment. Females may chose to undergo egg retrieval but this requires 
considerably more time and expense and therefore the need to initiate therapy as soon as 
possible may not provide enough time to retrieve viable eggs ( 8 ). Patients should be counseled 
to use reliable contraception and that it is important to avoid pregnancy during chemotherapy 
and radiation. A waiting period following treatment is recommended for women patients who 
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are considering pregnancy. Adjustments may need to be made in the patient’s medication if 
a woman chooses to pursue pregnancy in order to eliminate drugs that may be teratogenic. 
Treatments and medications can also cause decreased libido and sexual dysfunction. Some 
patients may lose the desire for sexual relations as a result of fatigue, tumor location, treat- 
ment, medication, depression, or body image changes. Patients should be asked about this 
important aspect of their life so that adjustments can be made whenever possible to improve 
sexual function. 


SYMPTOM MANAGEMENT 

Primary malignant brain tumors are among the most difficult human malignancies to 
manage (11). Although we are typically unable to cure the underlying disease, knowledgeable 
symptom control can significantly improve the patient’s quality of life and promote survival. 
Recognition of symptoms and effective interventions to control symptoms requires a 
multidisciplinary approach ( 12). Symptoms are often unique and individual, hence, difficult 
to predict and may be caused by the disease itself or as a result of treatments. Symptoms 
described by patients over the course of their disease are often vague, confusing, and difficult 
to diagnose. While symptom based research in primary brain tumor patients has been limited, 
studies on cancer patients show a correlation between the severity of fatigue and other symp- 
toms such as pain, depression, sleep disturbance and anxiety. Symptoms can have a significant 
effect on functional status and quality of life ( 13). Patients need to be educated when to call 
the doctor and what doctor to call. Symptoms may worsen during the course of treatment and 
can temporarily decrease a patient’s level of functioning. The key is to recognize urgent 
symptoms requiring an office visit or emergency room visit versus those that may be treatable 
by telephone triage. Nurses are constantly attempting to recognize, prevent, and treat compli- 
cations whether at the bedside, in the outpatient department, or by telephone triage and sup- 
port. 

Symptoms are usually related to increased intracranial pressure (ICP), tumor location, 
medication effects and side effects or complications. Patients presenting with a variety of 
signs and symptoms that do not anatomically correlate with their tumor location may require 
further investigation for the possibility of leptomeningeal disease, distant spread, or the tumor 
appearing in another location in the brain or spine. Leptomeningeal disease occurs when 
malignant cells infiltrate the leptomeninges surrounding the brain and spinal cord ( 14). Some 
of the more common symptoms managed by nurses are discussed below. 

Quality -of- Life 

Quality-of-life (QOL) is a concept that describes the impact of the disease and treatment 
on the patient (15). Symptoms experienced by patients with HGG can have a devastating effect 
on the patient’s and family’s quality of life. For that reason, most symptom management is 
aimed at improving the patient’s quality of life. Most patients are usually not able to function 
at the same level as previosuly, but the goal is to restore them to the maximum level of 
functionality possible. The impact of neurological deficits can be dramatic. Patients and 
families experience their disease in a larger way than their symptoms indicate and the impact 
is felt far beyond the physical signs and symptoms observed during routine clinic visits. Often, 
much to the chagrin of family members, patients are usually on their best behavior at office 
visits and put themselves in the best light possible especially when dealing with the profes- 
sional team (4). For that reason, it is important to assess the impact of symptoms on the 
patient’s day-to-day life ( 16). The quality of one’s life can be measured from multiple perspec- 
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tives and is difficult to measure on any one instrument or to capture the many factors that can 
affect a person’s quality of life ( 17 ). The definition can vary from patient to patient and often 
changes over the course of their illness and treatment and will directly impact on the goals of 
nursing care. The definition of quality of life can also vary widely between the patient and the 
caregivers and is best defined from the patient’s perspective. 

There are numerous definitions of QOL, including that QOL is the degree to which an 
individual succeeds in accomplishing their desires despite the constraints put upon them. QOL 
measures the difference at a particular' period of time between the hopes and expectations of 
the individual and the individual’s present experience ( 18 ). 

Ferrell ( 18 ) uses four domains to define QOL: (1) physical well-being, (2) psychological 
well-being, (3) social well-being, and (4) spiritual strength. Physical well-being includes the 
ability to maintain functional activities, self care, exercise tolerance, ability to work, appear- 
ance, overall physical health, degree of independence, sleep and rest, and symptom control. 
Psychological well-being provides a sense of control in the face of illness, altered life priori- 
ties, and fear of the unknown. Diagnosis can causes anxiety, depression, fear, stress, and mood 
swings. Psychological well-being includes enjoyment of life, intellectual function, adjust- 
ment to the disease as well as confidence, acceptance, and satisfaction with treatment. Social 
well-being includes family issues, adjustment of children, changes in roles and relationships, 
family stress, patient’s social appearance, social isolation, ability to communicate, ability to 
work, and financial situation. Also included is sexual function, marital relationship, and the 
degree of social support resources available. Spiritual well-being includes religious beliefs, 
a sense of hopefulness, and having a puipose in life. Maintaining hope is an important inter- 
vention. Patients and families have the right to remain hopeful over the course of their illness. 
The multidisciplinary team must provide realistic hope and cautious optimism so that patients 
and families can set realistic goals. Hope is a crucial coping behavior that is beneficial to not 
only the patient but to the entire family. 

Emotional Distress and Social Support Issues 

Diagnosis of a malignant brain tumor is a stressful and traumatic event for patients and 
families with a wide range of responses from anger, withdrawal, isolation, guilt, anxiety 
depression, and hopefully, acceptance. Adjustment to the many changes can take a dramatic 
toll on patients, family and caregivers ( 19 ). Patients require varying levels of support depend- 
ing on the stage of their illness. 

As care has been shifted from the hospital to the home, caregivers must master a range of 
tasks that they are often unprepared to assume ( 5 ). Caregivers must often assume duties 
previously performed by the patient. Caregivers overwhelmingly describe the work of provid- 
ing care as mentally and physically exhausting and expressed feeling angry, frustrated and 
guilty for losing patience with the care recipient ( 20 ). They must build a support system, find 
community resources, understand insurance and financial benefits, and get legal affairs in 
order. Other tasks include identifying and reporting side effects and new symptoms, dispens- 
ing medications, completing forms, providing meals, and transportation, as well as maintain- 
ing the household, maintaining family activities, and paying bills. They are expected to provide 
emotional support and personal care for the patient, cope with behavioral and personality 
changes, handle medical emergencies and make decisions regarding treatment. All of this 
may create conflict between the patient’ s needs and their own needs. Initially, the patient may 
exhibit minimal to no deficits and family and friends are attentive, denial is high, and hope for 
cure is real ( 4 ). Sooner or later major disabilities usually complicate the course. As the patient’ s 
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condition deteriorates it becomes increasingly difficult to maintain equilibrium. Involvement 
of the family is essential for compliance and continuity of care. Unfortunately the health care 
system often does little to address their needs and concerns. Caregiving can be demanding, 
overwhelming, and stressful. It can erode the caregiver’s physical and psychological well- 
being when they are most needed by the patient. The strains of caring for a family member with 
a HGG can increase the risk of mortality by 63% within 5 yr and is more profound than those 
seen in other forms of cancer ( 5 ). Caregiver support groups and informal networking may 
provide some benefit. Some caregivers may require individual counseling. They should be 
urged to seek temporary respite care to allow them time to attend to their own personal needs. 
Caregivers need to ask for help and take advantage of offers of help without feeling guilty. 

The diagnosis affects the entire family and presents special challenges when children are 
involved. Children require honest information in words that they can understand. Responses 
will vary with age and teachers and school counselors should also be informed of the diagno- 
sis and possible impact on the children. It is helpful to keep their daily routine as normal as 
possible. Many of the brain tumor and cancer associations provide workshops and resources 
especially for children whose parents are seriously ill. Parents should be provided with these 
resources as well as any written resources available. 

Depression 

Patients with malignant gliomas often develop progressive neurobehavioral deficits caused 
by the disease itself as well as treatments such as radiation and chemotherapy ( 19 ). Depression 
in brain tumor patients can be related to the stress of the diagnosis, treatment, loss of function, 
or medications. Almost all patients faced with a potentially terminal diagnosis will experi- 
ence, at minimum, temporary grief and anxiety. Patients may benefit from counseling, psy- 
chotherapy, or medication. Some patients may resist but studies have shown that patients have 
an improvement in overall QOL when emotional distress is treated. One recent study showed 
that patients wanted and expected more support than they were receiving, especially psycho- 
logical support. They wanted someone to talk to them and spend more time with them ( 21 ). 
A combination of drugs is often necessary and should not be withheld but neither should they 
replace compassionate care (22). Stress reduction is essential. Cautious use of drugs for 
agitation, anxiety, depression, mood elevation, fatigue, and alertness can improve functioning 
and have a dramatic impact on the patient and family’s quality of life. 

Fatigue 

Fatigue is prevalent and disturbing, but largely an ignored symptom because it is not life 
threatening ( 23 ). Fatigue can cause severe disruption in the patient’s ability to function and 
also affect multiple aspects of life. Fatigue can be mild to debilitating and is usually cum- 
mulative. It is often excessive in nature and is a whole body experience not relieved by sleep 
and is not always the result of activity. Fatigue is not predictable by tumor type, treatment, or 
stage of illness. Fligh levels of fatigue impact on all aspects and correlate with impaired QOL 
( 24 ). Fatigue may be one of the significant factors that limit a patient’s QOL. Interventions 
include energy conservation, maintaining normal sleep-wake cycles, learning not to fight the 
fatigue, flexibility, preplanning, and setting limits and priorities to balance and organizing 
activities. Interventions such as exercise, yoga, meditation, prayer, walking, rest, and decreas- 
ing stimuli may help. Psychostimulants have been used to enhance cognition and memory, 
modulate behavior, and increase wakefulness and participation in activities of daily living in 
brain injured patients ( 19 ). 
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Pain 

Head pain may be related to increased ICP or tumor location. One classic symptom triad of 
increased ICP includes papilledema, headaches, and vomiting. Headaches caused by increased 
ICP are usually present upon awakening and may be accompanied by nausea, vomiting, or 
both. These headaches are usually worse when lying down and may be relieved when the 
patient assumes an upright posture. Headaches are usually progressive in nature, unrelieved 
by over-the-counter medication and interfere with activities of daily living. They may be 
accompanied by other symptoms such as lethargy, visual symptoms, and other neurological 
changes. Headaches occurring in the initial postoperative period are expected and are gener- 
ally related to incisional pain or temporary increases in ICP. They are managed initially with 
narcotics but within 5 to 7 d patients should attain sufficient relief from over-the-counter 
medications. Headaches resulting from temporary increased ICP resulting from treatment or 
in the face of tumor growth are usually best managed by the temporary use of steroids. Steroid 
management is discussed later in this chapter. Narcotic use is generally reserved for end-stage 
treatment or for headaches not relieved by high-dose steroids. Any reports of neck or back pain 
should be acted upon immediately with further investigation. Leptomeningeal disease, spinal 
metastases, or meningitis may cause neck or back pain and stiffness. Further investigations 
may include an MRI of the spine and lumbar spinal tap. 

Seizures 

Approximately a third of patients with brain tumors present with seizures and more than 50 
to 70% of patients experience some type of seizure over the course of their disease ( 25 ). The 
occurrence of a seizure can be psychologically devastating to the patient and family. However, 
initial presentation with a seizure is often a good prognostic sign because it leads to early 
detection and treatment. Anticonvulsants are initiated for many patients at diagnosis or when 
presenting with a seizure. Studies suggest that prophylactic use may be unnecessary in patients 
who have never experienced a seizure but this remains a subject of some controversy ( 26 ). 

Side effects of some anticonvulsant medications range from simple to serious side effects 
such as Steven-Johnson syndrome (characterized by a severe rash with skin sloughing.) 
Vasculitis and purple glove syndrome can occur with intravenous infusions of phenytoin with 
extravesation. Arthritis and shoulder and hand syndrome can occur with phenobarbital 
although this drug is rarely used for brain tumor related seizures. Agranulocytosis and 
hyponatremia can occur with cabamazapine; white blood counts and sodium levels should be 
routinely monitored on patients taking these drugs. Cognitive dysfunction can occur with most 
anticonvulsants. Whenever possible a dose reduction or an alternative drug may reduce these 
symptoms. Patients should be educated regarding signs of toxicity particularly with phenytoin 
and cabamazapine, which can cause diplopia, visual blurring, nystagmus, ataxia, and gait 
imbalance at higher levels. Patients generally report feeling drunk or over drugged. 

Liver function tests can increase with any anticonvulsant drug with hepatic clearance and 
hepatic function should be monitored on these patients routinely. Valproic acid can cause hair 
loss and thinning, weight gain, and hand tremor, which can be particularly disturbing to 
patients. Valproic acid may also cause increased bleeding time and thrombocytopenia. Many 
anticonvulsants with hepatic clearance exhibit nonlinear kinetics in terms of their dosing so 
that even a small dose increase can lead to toxicity. Drug levels should be monitored closely, 
especially when a change in dose occurs or another medication is added, removed, or adj usted. 
Nurses should be cautious to treat the patient and their symptoms and not just the blood levels. 
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Therapeutic levels are only guidelines and many patients may achieve seizure control at 
lower levels whereas others may require toxic levels but lack any significant side effects. 
Patient teaching should focus on the expected outcome of anticonvulsant therapy as well as 
potential side effects and symptoms of toxicity. The goal of therapy is to be seizure free on 
monotherapy with no side effects , b ut that is not always achievable (27). Patients and families 
should be taught to keep a seizure diary to record frequency, duration, and type of seizures 
they experience. Teaching should also focus on care of the patient experiencing a seizure. In 
most cases only supportive care is required and emergency room visits are unnecessary; 
however, the medical team should be contacted regarding any seizure occurrence. Prolonged 
seizures or seizures that result in loss of consciousness, increase in frequency, change in 
pattern, or result in postictal deficits can cause permanent neurologic damage and require 
immediate attention. 

Drugs that increase the activity of the P450 system in the liver can interact with many 
medications such as coumadin, chemotherapy, and other medications. Patients should inform 
their medical team whenever other medications are added such as antibiotics or antilipid 
medications that can potentially alter anticonvulsant levels. Nurses must monitor therapeutic 
effects, prevent and manage side effects and potential reactions, and assess hepatic, renal, 
hemopoetic function with serial lab work. Patients should be taught seizure risk management 
and be educated regarding contributing factors such as lack of sleep, missed doses, alcohol 
use, erratic meals, increased activity, illness, stress, and the addition of other medications that 
may increase their risk of seizures. 

A seizure disorder can impact on the patient’s activities of daily living with regard to 
driving, employment, and recreational activities. Driving restrictions vary widely among 
states and it is imperative that nurses are knowledgeable regarding state laws, particularly 
when patients are from out of state. Some states may restrict driving for specified periods of 
time whereas others leave it to the physician’s discretion. Some states require mandatory 
reporting of any drivers with a seizure disorder. Generally, any patient with a seizure may be 
advised to avoid other potentially dangerous activities such as using heavy equipment, power 
tools, climbing at heights, and recreational activities such as swimming, climbing, biking, or 
even bathing, especially if done alone. Conversations with the patient and family regarding 
any restrictions in their driving or other activities needs to be accurately documented in the 
medical record. 


Deep Vein Thrombosis (DVT) 

Patients with HGG are at high risk for thromboembolic events and one third will have a 
DVT at some point in the course of their illness (28). DVT increases morbidity and mortality 
with the most dangerous complication being pulmonary embolus, which can often be fatal. 
Only 10 to 17% of patients with DVT exhibit classic symptoms (28). Early detection is 
essential to prevent complications. Risk factors include advanced age, immobility including 
prolonged bedrest, and a delay in mobility postoperatively (12). A previous history of throm- 
boembolism is another risk factor to be considered. Patients with a leg weakness are eight 
times more likely to develop DVT postoperatively, particularly in the affected leg (28). Nine- 
teen percent of ambulatory patients and 37 to 60% of postoperative patients may experience 
the occurrence of DVT, especially if they are hemiparetic, not ambulatory, or immobile. 
Patients and families should be educated regarding the signs and symptoms and what con- 
stitutes a life threatening medical emergency. Symptoms generally include calf pain and 
tenderness, asymmetric pedal edema, or pleuritic-type chest pain. The symptoms are usually 
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asymmetric and more commonly occur in the dependent limb. Concurrent steroid use may 
mask or aggravate the symptoms and patients with a sensory deficit may not always experi- 
ence pain in the affected leg. A low threshold of suspicion is best and any patient presenting 
with even mild symptoms should be screened with Doppler ultrasound. The goal of therapy 
is to stop propagation, relieve symptoms, and prevent pulmonary embolus. The medical team 
determines treatment based on patient status and interval to surgical intervention. Patients 
with a high risk for intracranial bleed are generally treated with an inferior vena cava filter 
whereas most patients will be treated with subcutaneous or oral anticoagulants. Treatment 
with warfarin requires frequent labwork to monitor the international normalized ratio (INR) 
and dose adjustments are made based on this value. Prevention in the immediate postoperative 
period may include low-dose mini-heparin subcutaneous injections, pneumatic boots, support 
hose, exercise, and early ambulation. 

Steroid Management 

Corticosteroids are used throughout the course of the disease to decrease increased ICP and 
control cerebral edema but can have a significant toxicity profile. Up to 50% of patients will 
experience at least one period of steroid induced toxicity ( 25 ). Steroids may initially result in 
a dramatic improvement in appetite, mood, and may decrease symptoms but the undesirable 
side effects can be devastating to patients and affect their QOL. Side effects are usually dose 
and time related and increase at higher doses and with longer treatment periods but are highly 
individual among patients ( 12 ). Effective nursing interventions can minimize these adverse 
reactions. The aim is to use the lowest dose that will control symptoms and the challenge when 
using steroids is to find the most effective dose to improve patient functioning with minimal 
side effects ( 29 ). The risk-benefit ratio must be considered and the lowest effective dose used 
for the shortest interval possible. Nursing interventions focus on the numerous side effects and 
potential complications and are aimed at preventing, reducing, and managing these side effects. 
Patient and family education should focus on these side effects in order to promote early recog- 
nition and prevent unnecessary complications. Patients and families need to be empowered to 
become active participants in dosing and tapering schedules. 

Steroid tapering is done on an individual basis. It generally takes 3 to 5 d to determine 
whether a lower dose will be tolerated. Major problems encountered during tapering are 
steroid withdrawal and steroid dependence. It is important that patients and families under- 
stand the many side effects and therefore can be more supportive of the patient during this 
time. 

Steroids can create a ravenous appetite along with significant weight gain. It is important 
for patients and families to understand that this does not result from a lack of willpower on the 
part of the patient. The best defense is to have low-calorie snacks available. 

Steroids can create significant problems with body image causing a temporary Cushingoid 
appearance with weight gain and redistribution of fat causing increased abdominal girth and 
moon facies. Patients may also develop fat accumulation at the posterior neck (buffalo hump), 
to the abdomen with bloating, to the retro-orbital space, and to the supraclavicular and anterior 
throat area. Teaching patients that these are expected side effects will reduce their concern that 
they may be developing new tumors. Skin changes are common with easy bruising, capillary 
fragility, hirtsutism, acne, and abdominal striae which can be quite distressing to the patient. 
The easy bruising can make patients unduly concerned about the potential for internal hem- 
orrhaging. 
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Steroids can cause immunosuppression and increase the risk of opportunistic infections 
such as oral Candida and PCP pneumonia. Screening for oropharyngeal thrush should be done 
routinely at all office visits. Patients often complain of a white coating on the tongue or other 
oral surfaces, a bad taste, altered taste, anorexia, and in severe cases difficulty swallowing. 
Candida can be treated with oral topicals such as antifungal mouthwashes or lozenges but 
more severe cases with pharyngeal involvement may require systemic antifungal treatment. 
Steroids can also mask developing infections and patients may not always exhibit the typical 
symptoms of infection. Poor wound healing is also a concern. Steroid doses may need to be 
increased during periods of stress or infection. 

Steroids can cause glucose intolerance in some patients with new onset hyperglycemia and 
can increase blood glucose levels in patients with existing diabetes. Symptoms would include 
increased thirst and frequent urination. Diabetic patients will require close monitoring of 
blood glucose levels and increased doses of insulin are best managed with a sliding scale 
dosing. Patients with new steroid induced glucose intolerance will also require close monitor- 
ing and sliding scale insulin. 

Other side effects include sodium retention with fluid retention, hypertension, and signifi- 
cant pedal edema. Hypertension may require temporary treatment with antihypertensives and 
pedal edema may require leg elevation, support stockings, and in severe cases diuretic medi- 
cations. The challenge is to determine whether the pedal edema is simply a side effect of the 
steroids or a symptom of possible DVT. Pedal edema that is equal bilaterally without calf pain 
or positive Homan’s sign is generally steroid induced but suspicion level should be high for 
possible DVT and Doppler ultrasound should be done if there is any doubt as to the cause of 
the edema. 

Musculoskeletal side effects are common. Osteoporosis and joint pain can occur and are 
usually reversible especially in younger patients (12). Avascular necrosis of the hips or other 
joints can occur in rare cases. These symptoms may be confused with spinal cord compression 
or peripheral neuropathy. Hip pain radiating down the anterior thigh to the knee or localized 
to buttock and groin that is exacerbated by walking is a common symptom. MRI scanning is 
most sensitive in detecting avascular necrosis. In severe cases, joint replacement may be 
necessary. Steroid myopathy is common with proximal muscle weakness and decreased muscle 
mass particularly in the thigh muscles. Patients will usually complain of difficulty rising from 
a sitting position and climbing stairs and if they fall they often have great difficulty getting 
back up. Myopathy can also be seen in the arm muscles with difficulty lifting. Generalized 
muscle and joint pain often accompany steroid myopathy. In some instances respiratory 
muscles may be affected and compromise breathing, resulting in shortness of breath that is 
often aggravated by the abdominal fat accumulation. Patients with myopathy may benefit 
from physical and occupational therapy as well as weight bearing exercises. 

Gastrointestinal effects are common with gastric irritation, bleeding, and bowel perforation 
often exacerbated by constipation and sedentary life style. Steroids themselves may mask the 
symptoms. Patients with spinal cord involvement may be more prone. The risk increases with 
concurrent NSAID use and narcotics. Patients with pre-existing conditions, such as a history 
of ulcer, are also at higher risk. Prophylaxis with H2 blockers is highly recommended in all 
patients on steroid therapy. Intractable hiccoughs can also occur and are usually dose related. 
Whenever possible, dose reduction of the steroid should be considered. Several medications 
have been used for hiccoughs including Thorazine or oral liquid antacids. Some patients may 
experience a decreased sense of taste and smell with accompanying anorexia. This side effect 
is most commonly observed in patients undergoing radiation therapy. 
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Psychological side effects are also quite common and can include irritability, anxiety, 
insomnia, trouble concentrating, increased sensitivity to stimuli, euphoria, emotional lability, 
and depression. Psychosis, including paranoia and hallucinations, is less common and does 
not appear to be correlated with duration of treatment; it can follow a single dose and often 
resolves when the dose is decreased. Insomnia and other sleep disturbances can occur and may 
be decreased by limiting daytime sleeping and adj Listing the dosing schedule with higher doses 
given in the morning and the last dose taken no later than supper. Nocturia is common with 
late night dosing and seems to be more common in males, especially those with pre-existing 
benign prostatic hypertrophy. Avoiding late evening dosing is often effective in reducing 
nocturia and subsequent sleep disturbance. 

A unique side effect observed in hospital patients receiving intravenous boluses of steroids 
is severe anogenital itching and tingling. This side effect can often be reduced or eliminated 
by slow intravenous infusion. Some patients receiving steroids complain of visual blurring 
and long-term use can result in the formation of cataracts. 

Interactions with other drugs, especially those requiring hepatic clearance, are common. 
Blood levels of anticonvulsant drugs can fluctuate significantly when steroid doses are adjusted 
resulting in toxicity or increased seizures. Close monitoring of anticonvulsant levels during any 
adjustment in steroid dosing can avoid undue side effects. 

The process of tapering or weaning steroid medications requires close monitoring. Steroids 
may be tapered by reducing the pill strength or by reducing the number of daily doses. There 
is no one tapering schedule that will work for every patient. Patients who have been on steroids 
for a short period of time can be tapered quickly whereas patients who have been on steroids 
for a prolonged period of time may require weeks to months to taper and in some cases may 
not be able to completely taper off the medication. Patients should be cautioned never to 
decrease or stop their medication abruptly. Patients also must contact their health care pro- 
vider if they are unable to take their medications orally as a result of nausea or vomiting. Acute 
adrenal insufficiency can result with fever, muscle and joint pain, nausea, anorexia, orthostatic 
hypotension, dizziness, fainting, and hypoglycemia often requiring hospitalization. Steroid 
withdrawal can occur at any point during a steroid taper and includes symptoms such as acute 
myalgia, arthralgia, or both. Headaches, lethargy, fever, nausea, anorexia, vomiting, postural 
hypotension, and increased symptoms can occur. Steroid withdrawal is generally treated with 
return to the previous dose and slowing down of the tapering process. Patients need to be 
counseled that the need to increase the medication does not mean their tumor is growing or 
that the patient has made a mistake in their tapering schedule. During tapering, nurses must 
be alert for any exacerbation of existing conditions or allergies. Most commonly patients are 
started on steroids and anticonvulsant medications concurrently at diagnosis. During taper it 
is not uncommon for allergic reactions to anticonvulsant medications or other medications to 
appear. 


REFERRALS 

Over the course of the patient’s illness, nurses need to continually assess the need for 
referrals to supportive resources. A primary care doctor is necessary to treat other medical 
conditions unrelated to the tumor such as high blood pressure, hyperlipidemia, or diabetes. 
Patients with psychosocial impairments or cognitive impairments may benefit from referral 
to a neuropsychiatrist, psychologist, counseling, or cognitive therapy. Physical therapist 
can provide gait training, durable medical equipment, and assistive devices such as canes, 
walkers or braces. Physical therapy can improve weakness, loss of coordination, and endur- 
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ance. Therapists are helpful in documenting the degree of disability, teaching families how 
to manage disabilities, and assess the potential to return home or to work. Occupational 
therapists assist the patient in performing activities of daily living through visual retraining, 
safety training, and cognitive retraining. Rehabilitation programs can perform an assess- 
ment of the patient’s driving ability using either a simulator or actual road test under con- 
trolled conditions. Reaction time, attention to traffic, judgment of stopping distance, and 
depth perception are important factors in determining the ability to drive. Speech therapists 
can assist patients with impaired verbal communication or reading impairments as well as 
swallowing difficulties. Patients with visual deficits may benefit from a neuro-ophthalmol- 
ogy consult for baseline assessment and ongoing monitoring of their visual deficits. Social 
workers can provide assistance and information regarding home health aids, counseling, 
support groups, financial assistance programs, and guidance in negotiating the health care 
system. They also assist patients with medical forms, applying for disability, completing 
living wills, and durable power of attorney. Patients with malignant gliomas generate a 
steady stream of paperwork that must be completed such as leave of absence, medication 
assistance programs, authorization for tests and equipment, and insurance and disability 
papers; nurses often attend to these tasks. Patients and families should also be informed 
regarding community resources such as brain tumor or cancer focused organizations and 
support groups. 

Decisions regarding returning to work or applying for disability are often difficult and are 
very individual depending the patient’s abilities, the job description, and the family situation. 
Returning to work for some may be a positive experience but many patients may require 
frequent breaks, a shorter work schedule, or transfer to a different job role. Neuropsychologi- 
cal testing is a series of tests designed to examine the various aspects of brain function and may 
help to document limitations and assist in assessing a patient’s ability to return to work. 
Patients should be knowledgeable of the American Disabilities Act and the resources avail- 
able to them to be sure their employer treats them fairly and reasonable accommodations are 
made to allow the patient to return to their job if they chose to do so. 

Spirituality and religion can be an important factor for patients with terminal illness and 
their caregivers and can have a profound influence on their ability to cope and quality of life 
(5). Referrals to pastoral care may provide spiritual counseling and guide the patient and 
family to address concerns and spiritual distress. Pastoral care often plays a strong role in end 
of life decisions. 

Home care, rehabilitation services, palliative care, and hospice referrals may be needed at 
different points in the patient’s illness. Home assessment is helpful to identify the need for 
durable equipment, home health aid, therapies, or modifications of the patient’s environment 
to promote the ability of function and safety. Typically, at some point, there are no meaningful 
treatment options and referral to palliative care or hospice services is appropriate. Palliative 
care is a medical specialty with the goal of extending the principles of hospice care to a broader 
population that could benefit from this type of care earlier in the disease process (5). Both 
hospice and palliative care focus on maximizing quality of life and treating symptoms. Hos- 
pice services may vary but in general hospice allows patients to receive care for the symptoms 
when treatment options to cure or control the disease are not available or are no longer 
effective. When rendering end-of-life care, the team has an obligation to see that the patient 
and family has necessary support systems in place. Most terminally ill patients do not require 
hospitalization and prefer to die in the comfort of their own home (4). The health care team 
is responsible for recognizing the opportunity and initiating the discussion. Managing 
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symptoms at the end-of-life is critical for the comfort of the patient and the family ’ s peace 
of mind ( 30 ). 


NURSING ROLES 

Nurses provide care to patients with HGG in many settings from initial diagnosis to death. 
Depending on the size of the facility and the number of patients, some roles may be filled by 
one or more nurses whereas in smaller facilities one nurse may fulfill several roles. Some of 
the unique roles available to neuro-oncology nurses are briefly discussed below. 

Neurosurgical Nurse 

The neurosurgical nurse sees the patient at onset of diagnosis and prepares the patient and 
their family for the surgical process. Education is focused on pre- and postoperative concerns. 
Significant emotional support is needed as patients are coping with the new diagnosis of a 
brain tumor and are often fearful of their upcoming surgical procedure. Neurosurgical nurses 
also participate in surgical clinical trials and special procedures. They are responsible for 
handling any changes in condition following discharge from the hospital including wound 
problems, high fevers, or any neurologic change. 

Radiation Oncology Nurse 

Radiation therapy provides an important role in the management of HGG. Nursing care 
provided by the radiation oncology nurse begins at the initial consult visit and continues into 
the early post-radiation phase. Patients and families must be educated regarding treatment 
schedules and expected effects and side effects. Options available to patients include conven- 
tional regional radiation, whole brain radiation, stereotactic radiosurgery such as gamma knife 
or photon beam, brachy therapy, and hyperthermia ( 31 ). It is often difficult to assess if symp- 
toms are being caused by the radiation therapy itself, tumor growth, or other concurrent 
therapies. Acute symptoms occur within the first few weeks to months and are usually self- 
limiting. These include nausea but rarely vomiting, anorexia, impaired taste, fatigue, increased 
seizures, increased neurologic deficits, skin changes, hair loss, and impaired wound healing. 
Some patients whose radiation fields lie near the ear can experience hearing loss, ear pain, 
discomfort, and in some cases otitis media. Being prepared for hair loss can make the expe- 
rience easier and allow patients to prepare by finding a wig, hairpiece, cutting their hair, or 
buying scarves, turbans, hats, or other head coverings. Patients may desire a wig for the 
alopecia and a prescription can be written for a cranial prosthesis, which is usually reimbursed 
by most insurance companies. Increased symptoms may require a temporary increase in the 
steroid dose. Delayed effects such as memory impairment, hypopituitarism, and radiation 
necrosis can often be progressive over time and are usually managed by the neuro-oncology 
nurse. 


The Gamma Knife Nurse 

Centers offering gamma knife radiosurgery usually have at least one nurse whose sole 
responsibility is caring for patients undergoing this unique procedure. The gamma knife nurse 
is the patient liaison from the pretreatment to the follow up visit. Nurses in this setting educate 
the patient on the procedure, what to expect, time frames, and help to reduce anxiety over the 
course of the day-long treatment. Hands-on care may include head frame application and 
removal, transport to scanning, medication administration, and patient monitoring throughout 
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the procedure. The nurse assists with coordinating the treatment. The gamma knife nurse also 
communicates with the patient’s family. The nurse ensures patient comfort throughout the 
procedure, provides aftercare, and discharge instructions including pin site care and steroid 
therapy management. 


Medical Oncology Nurse 

The medical oncology nurse works along with the medical oncologist who is prescribing 
any chemotherapy the patient may be receiving. Medical oncology nurses provide patient 
education regarding the specific drug’s effects and potential side effects. Nurses monitor 
labwork during therapy and manage the many complications of chemotherapy, such as 
myelosuppression, neutropenia, anemia, thrombocytopenia, nausea and vomiting ( 32 ). Che- 
motherapy drugs interfere with cell division and the rapidly dividing cells in the body are often 
innocent bystanders including white blood cells, red blood cells, and platelets. Low white 
blood cells place the patient at risk of serious infection. Thrombocytopenia can increase the 
risk of bleeding. Nurses educate patients and families about potential side effects and teach 
them precautions to reduce side effects. 

Centers that utilize special procedures for the delivery of radiation and chemotherapy such 
as blood-brain barrier disruption, intra-arterial chemotherapy, intrathecal chemotherapy, 
intratumoral chemotherapy or radiation, or radiation implants may have nurses responsible for 
educating and monitoring all patients undergoing those procedures. 

Neuro-Oncology Nurse 

The neuro-oncology nurse works along with the neuro-oncologist in the medical manage- 
ment of patients over the course of their illness from diagnosis to death. Neuro-oncology 
nurses assess patient and family needs during office visits, provide education, manage the 
multiple symptoms already discussed, and provide emotional support over the course of the 
illness. 


Clinical Trial Nurses 

Centers that offer multiple clinical trials may have nurses who are responsible for screening 
patients for eligibility requirements, providing education regarding the particular trial, expected 
effects and side effects, and for obtaining informed consent. Patients and families should be 
provided with adequate information regarding the trial and other alternative treatment options 
in order to make an informed decision. Education includes the concept of randomization, the 
meaning of various phases of trials, and that the potential benefit and/or toxicity are sometimes 
unknown but that information learned during the trial may help other patients in the future. 
Patients also need to be reassured that they can withdraw at any time. 

Hospice and Home Care Nurses 

Hospice and home care nurses provide care in the patient’s home setting or sometimes at 
special facilities. The concept of hospice and home care is discussed previously under the 
referrals section. 


CONCLUSION 

The diagnosis of a malignant brain tumor is a stressful and traumatic event for patients and 
families. Patients and families face a difficult ongoing process of adjustment throughout all 
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phases of the disease and face many losses over time. Management of patients with a malig- 
nant brain tumor requires a team effort, where nursing plays a unique role. Neuro-oncology 
nurses face special challenges when caring for patients with HGG. These nurses provide care 
to patients in a variety of settings from initial diagnosis to death and in a wide range of roles. 
Nurses are constantly attempting to recognize, prevent, and treat complications at the bedside, 
in the outpatient department, and by telephone triage and support. General nursing concerns 
for this patient population focus on the following: patient and family education, symptom 
management, and appropriate referrals. The focus of nursing care is to improve survival and 
maintain quality of life through recognition of symptoms and knowledgeable symptom con- 
trol. 
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Convection-Enhanced Delivery 


Andrew A. Kanner 


Summary 

Drug delivery is thought to be one of the limitations of therapies for brain tumors. Systemic 
administration of potential drugs requires high dosages to achieve therapeutic levels within the tumor 
itself and in the surrounding brain tissue because of the limited/selective flow across the blood-brain 
barrier. In spite of high systemic dosages, however, some of these drugs not only fail to penetrate into 
the tumor and brain tissue, they cause undesirable systemic toxicity with little or no therapeutic effect. 

Convection-enhanced delivery shows promise of effectively transporting drugs selectively to the 
tumor. It is a novel approach for delivering drugs into brain tumors and the surrounding brain, and is 
based on continuous infusion of drugs via intratumoral or intraparenchymal catheters, enabling con- 
vective distribution of high-drug concentrations over large tissue volumes while avoiding systemic 
toxicity. 

Key Words: Glioma; convection-enhanced delivery; brain neoplasm; targeted therapy. 

INTRODUCTION 

Treatment of high-grade glioma (HGG) still represents an enormous challenge to neuro- 
oncologists. The standard therapies of surgery, radiotherapy, and adjuvant chemotherapy 
have not increased overall survival significantly over the past three to four decades. The 
aggressive and infiltrative nature of this disease and its resistance to traditional therapies have 
recently led to new strategies in the approach to malignant gliomas. Two major developments 
have contributed to the feasibility of these new approaches in the clinical setting. 

The first involves the continuing advances in our understanding of the molecular genetics 
and, more importantly, of the pathological mechanism of cellular signal transduction in 
malignant cells that have led to the development of selective targeting compounds. Several 
drugs with the ability to down-regulate the growth and invasion of malignant gliomas are 
at various stages of testing. Most of these drugs focus on interfering with oncogenic and 
tumor survival pathways ( 1 ). Examples of targeting molecules include inhibitors of tyrosine 
kinases, farnesyltransferases, and matrix metalloproteinases. These drugs are at different 
stages of testing and the final verdict on their effectiveness, either alone or in combination 
with other therapeutic modalities, will need to await the results of ongoing investigation. 

Drug delivery is thought to be one of the major limitations of therapies for brain tumors 
( 2 , 3 ). Systemic administration of potential drugs requires high dosages to achieve therapeutic 
levels within the tumor itself and in the surrounding brain tissue because of the selective flow 
across the blood-brain barrier (BBB) and increased interstitial pressure within the tumor ( 4 , 5 ). 
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In spite of high systemic dosages, however, some of these drugs not only fail to penetrate into 
the tumor and brain tissue, they cause undesirable systemic toxicity with little or no therapeu- 
tic effect. 

The second major breakthrough followed the recognition of the above limitations and led 
to a number of novel drug delivery strategies that are currently under investigation. The goal 
of developing local delivery technologies is to maximize anti-tumor effects within the tumor 
and/or surrounding brain tissue while minimizing systemic side effects. These new approaches 
are designed to bypass the BBB and deliver the active compound more directly to the malig- 
nant cells. Established approaches include BBB disruption with hyperosmolar agents (man- 
nitol) and novel investigational techniques using ultrasound or electrical stimulation of the 
vagal nerve or pterygopalatine gagli to influence cerebral blood flow (CBF) dynamics ( 2 , 6 ). 
Advancements of therapeutic approaches for brain tumors include drug delivery via impreg- 
nated polymer wafers, local injection, intracavitary instillation, and convection-enhanced 
delivery (CED) ( 7 - 9 ). The following chapter will focus on the basic principles and the pre- 
clinical and clinical experiences of CED. 

PRINCIPLES OF CONVECTION-ENHANCED DELIVERY 

CED, a novel approach for delivering drugs into brain tumors, is based on continuous 
infusion of drugs via intratumoral or intraparenchymal catheters, enabling convective distri- 
bution of high drug concentrations over large tissue volumes while avoiding systemic toxicity. 

Terminology 

Several terms for describing “microinfusion generating a positive pressure gradient for 
drug delivery into the brain” have appeared in the literature, the most common of which is 
convection-enhanced (drug) delivery ( 10 , 11 ). The others are high-flow microinfusion deliv- 
ery ( 12 ), high-flow interstitial brain infusion ( 13 ), intraparenchymal controlled-rate infusion 
( 14 ), and intracerebral clysis ( 15 , 16 ). 

Diffusion vs Convection 

One rationale for applying CED in glioma therapy is based on the limitations of other local 
delivery methods (injection or wafers) that rely on diffusion together with the fact that glioma 
cells are present throughout the adjacent and distant brain tissue. Diffusion in tissue depends 
on the free concentration gradient and the diffusivity of the particular compound or molecule 
( 11 ). Factors that influence diffusivity are polarity, molecular weight, and metabolic clear- 
ance ( 17 , 18 ). It has been demonstrated that within brain tissue compounds diffuse at only one 
to a few millimeters from the source point over time and produce a steep concentration 
gradient between the point of infusion and the surrounding brain tissue ( 19 - 23 ). Convection, 
on the other hand, is based on a positive continuous pressure gradient and so, in contrast to 
other local delivery methods, such as polymer wafers or local injections, which depend solely 
on diffusion, CED can overcome this limitation. Convective transport through the extracel- 
lular space of the brain is a physiological and pathophysiological phenomenon, which is 
clearly evident in several conditions, among them brain edema ( 18 , 24 ). Both fluids and 
molecules move within the extracellular space either by diffusion or by bulk flow ( 17 , 18 , 25 - 
27 ). These naturally existing hydrostatic and oncotic pressure gradients are responsible for all 
molecular movements ( 28 ). Applying the same principles, CED distributes molecules homo- 
geneously over large distances by positive pressure infusion ( 10 - 12 , 28 - 33 ). In this way, the 
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flow through the interstitial space is used as a vehicle to distribute the active agent(s) over 
large volumes of brain tissue without increasing tissue volume or intracranial pressure (ICP). 

Oldfield et al. introduced CED for neuro-oncological applications ( 10). This was followed 
by a series of preclinical and clinical studies to improve the understanding of the underlying 
mechanism of CED and to optimize relevant parameters for its clinical application in the 
treatment of malignant gliomas ( 10). The theoretical advantages of CED include circumven- 
tion of the BBB and achieving drug delivery with high intratumoral and peritumoral concen- 
trations over large tissue volumes while minimizing systemic side effects. 

Parameters Influencing Convection 

Initial preclinical and a number of phase I/II clinical studies have addressed technical 
variables to determine their importance in the application of CED, looking at factors for 
improving and optimizing drug distribution. The following paragraph presents a general 
overview of these works. 

Rate and Duration of Infusion. The rate of infusion, which is critical for successful 
induction of convection, is dictated by tissue resistance ( 10). Differences of tissue resistance 
have been described for gray and white matter in preclinical studies (11). Effective convection 
has been demonstrated with infusion rates of 0. 5-5.0 pL/min in small animal models (10, 12). 
Lower rates of infusion limit the attainable volume of distribution at a specific concentration 
(10) whereas higher rates cause backflow along the needle or catheter tract, thus limiting 
convection efficacy (10,12,32). 

An infusion rate of 5.0 pL/min resulted in a less than 30% backflow of the infusate along 
the needle tract in small animal models (12). Both intratumoral and peritumoral infusion using 
rates of up to 10 pL/min were used in clinical studies (28,34). Higher flow rates (i.e., over 6.2 
pL/min), however, more commonly caused backflow into the subarachnoid space, depending 
on the catheter tip placement. Although clinically well tolerated by the patient, leak into the 
subarachnoid space is associated with failure of the active compound to reach the targeted 
tissue and may be locally toxic. 

Higher flow rates lead to direct tissue damage caused by the hydrostatic pressure, thereby 
limiting the upper range of safe infusion rates. Cavitation around the needle tip can be caused 
by high flow, which will result in loss of convection. Importantly, it was demonstrated that 
different profiles of CED increase the volume of distribution (V D ) 5- to 1 0-fold compared with 
diffusion alone ( 12 ). 

Volume of Distribution (V D ). The impact of different variables on V D was subject to a 
number of preclinical studies. The V D of a molecule in brain tissue during interstitial infusion 
is influenced by loss of the compound resulting from capillary reuptake, degradation, receptor 
binding/affinity and the tissue-extracellular space ratio of the infused volume. Extensive 
cellular binding (caused by high receptor density) or rapid metabolic drug inactivation during 
CED limited the effectiveness of certain compounds (11,12). 

The effect of different sizes of molecules and their distribution within brain tissue was 
studied by several investigators (11,12). Bobo et al. measured the volume of distribution of 
small ( 14 C-sucrose, Mr 359) and large molecules ( U1 ln-Transferrin, Mr 80,000) (10). After 
initiating interstitial infusion, the flow rate was gradually increased from 0.5 pL/min to 4 pL/ 
min and maintained at the higher level for 24 h. The V D within brain tissue increased linearly 
with the volume of infusion (V,) of both molecules, although I4 C-sucrose distributed faster and 
occupied a larger volume compared with 1 1 'In-Transferrin. Importantly, there was no evidence 
of any increase of intracranial pressure during the infusion period (10). 
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In addition to molecular size, Chen at al. studied the effects of rate of infusion, cannula size, 
infusate concentration, and tissue sealing time on V D . In a series of experiments in a rat brain 
CED model, they infused 14 C-Albumin in order to compare various parameters of the above- 
mentioned variables (32). They concluded that the rate of infusion and the cannula size 
significantly affected the convective V D in their model. Specifically, higher rates of infusion 
and larger cannula sizes were associated with less distribution resultgin from increased back 
leak along the cannula tract, while various concentrations of I4 C-Albumin and the preinfusion 
sealing time (defined as the time after inserting the cannula until the start of infusion) had no 
influence on the V D . 

Kroll et al. confirmed findings that showed a linear increase of V D proportional to increase 
in time, volume, and dose with a constant infusion rate and concentration (13). They studied 
the pharmacokinetics of iron oxide nanocompound (MION) and CED characteristics in a rat 
brain model and found that increased doses of MION delivered at slower rates resulted in an 
improved V D . From this they concluded that concentration, rather that convection, seemed to 
have the greatest influence. These findings are important because they show that extremely 
large complexes (similar to viruses) can successfully be administered by CED and that higher 
concentrations of a compound have a strong positive effect on overall V n . Comparisons 
between 14 C-sucrose and cytone arabinoside delivery to the brain by intravenous, intraven- 
tricular, intrathecal, and CED in preclinical settings demonstrated significantly higher brain 
tissue levels: for example, the level via CED was more than 10,000 times higher than by 
intravenous delivery (33,35). These findings emphasize the inability of such compounds to 
penetrate into the brain parenchyma, limited by the BBB. Long-term infusion into the primate 
brain demonstrated feasibility of delivering compounds covering large volumes of white 
matter, with perfusion of over one-third of the white matter of the infused hemisphere having 
been achieved (28). 


CONCEPTS OF CLINICAL TRIALS 

Most clinical studies using CED as the delivery method use targeted immuno-toxins con- 
sisting of tumor cell selective ligands bound to polypeptide toxins (3,4,36-38). The fact that 
unique or overexpressed receptors, which are not detectable (or detected in very low concen- 
tration) in normal brain tissue, were identified on the cell surface of tumor (glioma) cells led 
to the development of these targeting strategies ( 39-4 1 ) . Thus far, the infused receptor ligands 
that have been used in clinical trails include human transferrin (Tt), interleukin (IL)-13, and 
IL-4 (30,34,38,40,41). These ligands have been attached to mutated bacterial toxins, such as 
diphtheria toxin (CRM 107) and pseudomonas exotoxin (PE A ) (30,34,38,40,41). Other drugs 
used in phase I/II clinical trials included conventional cytotoxic chemotherapeutics (Nimustine 
[ACNU], Paclitaxel ([Taxol]) and suicide genes (HSV-l-tk-gene) (42-44). 

Clinical studies were conducted with both intratumoral and intraparenchymal (tumor sur- 
rounding brain tissue) infusions. These two approaches highlight one of the difficulties in 
finding the optimal catheter placement and integrate two approaches of treatment. Feasibility 
and safety of both intratumoral and intraparenchymal infusion have already been demon- 
strated in a number of clinical studies. Results from a phase I/II study conducted in patients 
with high-grade glioma (HGG) (34) proved both the feasibility and safety of intratumoral 
CED of IL-4 coupled to PE-38 toxin. For catheter related factors, it also has become obvious 
that the insertion depth or the distance to the cavities, pial surface or subarachnoid space is 
crucial to avoid backflow related loss of drug. More importantly, the physical characteristics 
of catheters, including shape, diameter, and outlet configuration, are still under intensive 
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investigation. Our understanding of tissue properties and related effects on CED is also 
improving. Initial tissue related parameters were studied in small animal models and almost 
exclusively in normal brain tissue. The clinical experience provided evidence that tissue 
characteristics of both tumor and tumor infiltrated brain tissue are extremely difficult to 
model (12). However, several efforts are actually underway to do so. 

Compounds tested in clinical studies that have accumulated the most experience and are in 
the most advanced stage of clinical testing include Tf-CRM107, IL-13PE38QQR (40), IL-4 
NBI3001, and Paclitaxel (Taxol). As of January 2005, open clinical trials enrolling patients 
in phase III studies include the following immuno-toxin compounds: IL-13PE38QQR (PRE- 
CISE study) and Tf-CRM107 (TransMid study). 

Example of Compound Currently in a Phase III Clinical Trial 

Tf-CRM107 is a ligand-targeted toxin comprised of Tf linked to a conjugated protein of 
diphtheria toxin with point mutation (CRM 107) (45). This conjugate exhibits potent cytotox- 
icity in vitro against mammalian cells expressing the Tf-receptor. Transferring receptors are 
expressed on all rapidly dividing cells including tumors with minimal expression in nondivid- 
ing tissues, such as those of the normal brain (46,47). Therefore, the use of transferring as a 
vehicle does not require a unique cell-surface antigen for each type of tumor. The clinical 
experience comprises data of phase I II studies involving a total of 72 patients with mostly 
HGG and metastatic brain tumors. All of these patients had failed previous conventional 
standard therapies prior to enrollment (30). Anywhere from 1 to 3 intracerebral catheters were 
placed stereotactically directly into the tumor or in the peritumoral brain tissue, and each 
patient received 2 treatments 4 and 1 0 wk apart. In phase 1, 28 patients (with 32 tumors) under- 
went a total of 65 infusions. The results showed that intratumoral infusion was feasible. Some 
patients suffered reversible cerebral edema. Cerebral injury occurred primarily at higher drug 
concentrations. A partial and complete radiological response (MRI) was demonstrated in 10 
of 28 patients (36%) (47a). [p 1 1] No results of the ongoing Phase III trial are currently 
available. 


Imaging Modalities 

Monitoring the progression of convection is important for monitoring the effect of the 
treatment. Findings in phase I/II studies demonstrated that a considerable percentage of pa- 
tients did not effectively receive the infused drug as a result of deficient convection. This 
emphasizes the need for clinically applicable imaging methods. Several imaging modalities, 
among them computed tomography (CT), magnetic resonance imaging (MRI), and single- 
photon emission CT (SPECT), have been studied (48-50) and different markers have been 
identified within each of them. A comparison between those surrogate markers revealed 
considerable discrepancies in terms of reflecting the true volume of convection, the V D ( 50a). 
The “edema” that is generated around the infusion catheter is thought to represent the front 
wave of the convection. This has been demonstrated on different MR sequences and SPECT 
studies. Comparing T2-weighted images and SPECT, however, showed an underestimation 
of the convection volume for the MR images (50a). 

Recent publications have demonstrated the use of surrogate markers, such as liposomes or 
macromolecules (albumin) traced with contrast agents, that are visible on images obtained 
using noninvasive techniques, such as iopanoic acid (IPA) for CT and Gd-diethylenetriamine 
pentaacetic acid (Gd-DTPA) for MRI (48-50). These markers are co-infused with the thera- 
peutic agent to enable real-time monitoring of the distributed drugs. 


308 


Table 1 


Clinical Studies Using CED for Drug Delivery in HGG 


Author 

Yr 

Compound 

Phase 

No. of patients 

CED details/results 

Laske DW (30) 

1997 

Tf-107 CRM 
(Diphteria toxin) 

I 

28 

2 catheters intra-/peritumoral, infusion over 5-7 d 
with dose escalation, repeated after 4-10 wk Rand 

RW (34) 

2000 

IL-4 PE38KDEL 
(Pseudomonas exotoxin) 

I/II 

9 

Intratumoral infusion, 1-3 catheters over 4-8 d. Dose 
escalation. Tumor necrosis. One patient survived 
>18 mo. 

Wakabayashi T (43) 

2001 

Nimustine (ACNU) 

I/II 

9 

15 infusions in 9 patients. 

Sampson JH (4) 

2003 

TP-38+TGF-a 
(Pseudomonas exotoxin) 

I 

20 

Intratumoral infusion, 2 catheters, dose escalation 
25-100 ng/mL. Median survival after treatment 23 
wk. One responder survived >83 wk. 

Weber FW (38) 

2003 

IL-4 NBI-3001 
(Pseudomonas exotoxin) 

I 


Dose escalation. Medium survival 5.8 mo, 6-mo 
survival 48%. One responder survived >3 yr (53). 

Voges J (42) 

2003 

HSV-l-tk-gene bearing 
liposome vector 

I/II 

8 

Intratumoral catheters. 2 patients >50% tumor reduction. 

Weaver M (45) 

2003 

Tf-107 CRM 
(Diphtheria toxin) 

II 

44 

2 catheters intra-/peri tumoral, infusion over 5-7 d, 
repeated after 4-10 wk. 

Kunwar S (37) 

2003 

IL-13PE38QQR 

I 

46 

Intratumoral infusion with and without resection. 

Dose escalation. Preliminary results. 

Lidar 7,(44) 

2004 

Paclitaxel (Taxol) 

I/II 

15 

Intratumoral catheters, 20 cycles. Response rate 73%, 
high treatment associated-toxicity. 
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Table 2 


Preclinical Studies Using CED for Drug Delivery 


Author 

Yr 

Model 

Compound 

CED details/results 

Bruce JN (16) 

2000 

Rat C6 glioma 

Nitrosourea 

Intratumoral, C6 brain tumor, ICP monitoring during infusions. 

Cunningham J (54) 

2000 

Rat 

Adeno-associated virus 
thymidine kinase 

Adeno-associated virus (AAV)-based vectors. Efficient delivery 
of vector by CED. 

Kaiser MG (15) 

2000 

Rat C6 glioma 

Topotecan 

Efficient delivery of drug, wide distribution. Increased survival 
of treated C6 bearing rats. 

Groothuis DR (35) 

2000 

Rat brain 

l4 C-cytosine 
arabinoside (Ara-C) 

CED can achieve therapeutic levels of AraC in the brain compared 
to systemic delivery methods. 

Heimberger AB (55) 

2000 

Athymic rat, D54 MG 
(human glioma) 

Temozolomide (TMZ) 

Comparing CED vs Intraperitoneal delivery. Increased survival 
compared with controls. 

Yang W (56) 

2002 

Rat, EGFR+ glioma 
(F98 vs F98 wt) 

Boronated EGF 
(radiolabeled 125 I) 

CED more effective than intratumoral injection to deliver boro- 
nated EGF to EGFR (+) gliomas for boron neutron capture therapy. 

Degen JW (57) 

2003 

Rat 9L glioma 

Carboplatin 
or gemcitabine 

CED of carboplatin or gemcitabine accomplished therapeutic con- 
centrations to tumors, it is safe and has potent antitumor effects. 

Saito R (58) 

2004 

U87 athymic rat model 

TRAIL and TMZ 

Survival advantage for combined treatment CED of TRAIL and 
TMZ, compared with controls and single therapies. 
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Fig. 1 . Planning 3D MRI reconstruction of patient after resection of left temporal GBM and post 
resection insertion of three intracerebral infusion catheters. 



Fig. 2. Patient after insertion of three intracerebral infusion catheters. 
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Diffusion-weighted MRI (DWMRI) enables noninvasive characterization of biological 
tissues based on their water diffusion characteristics. It was shown that DWMRI might serve 
as a surrogate marker for assessing the propagation of the convective wave of Paclitaxel in 
brain tumors and for predicting tumor response in tumor volumes covered by convection 
( 44 , 51 ). 

FUTURE CHALLENGES 

CED is a relatively new approach for direct drug delivery into the brain, and one which 
depends on many physical and physiological parameters. The overall goal of local therapies 
should be to treat large volumes of tumor infiltrated brain with a selectively targeting agent. 
Such drugs should target the tumor cells with high selectivity and spare the normal brain 
tissue. This minimally invasive technique, however, still has multiple physical and patho- 
physiological variables that require extensive interdisciplinary research. In “optimal” condi- 
tions, CED has been shown to efficiently cover large volumes of brain tissue while 
concomitantly providing significantly high concentrations of marker compounds ( 28 ). The 
accumulation of experience from clinical trails of different phases has narrowed down the 
important factors for creating “optimal” conditions. The variables that have been pointed out 
as having a significant impact on the volume of distribution are related to catheter character- 
istics and positioning, biophysical properties of the target tissue and parameters related to the 
infusate and to infusion. The success of continuous clinical research will depend on the 
progress in effectively creating and reproducing these “optimal” conditions in the clinical 
setting and on the identification of effective drugs to be delivered. 

Important questions that have been addressed in some of the performed clinical studies but 
remain to be answered include the positioning and design of the catheter and defining the most 
favorable characteristics of the infused compound for achieving true convection. We also need 
better clinical applications of convection imaging (e.g., imaging modality, surrogate marker) 
to model and follow the drug distribution. Only a reproducible and reliable imaging method 
will provide us with the necessary information that will allow us to interpret the effects of 
individual compounds. Until one is available, it will remain unclear if treatment failure is due 
to ineffective drugs or inadequate delivery. 

Currently under investigation are potential modifications of techniques that may enable 
CED of large particles, whereupon gene therapy-related products and liposomes may be 
suitable for distribution by CED ( 50 , 52 ). 
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Summary 

Targeting cancer cells with an immunotoxin represents a novel therapeutic approach. Several 
immunotoxins composed of a ligand or antibody and truncated bacterial toxins are in clinical devel- 
opment to treat various cancers including glioblastoma multiforme (GBM). GBM is an infiltrative 
tumor that defies a “complete surgical resection” invariably recurring most often at the site of resection. 
A number of local therapies are being explored. One approach is to identify unique or over-expressed 
cell surface receptors on GBM cells and targeting them with a receptor-specific immunotoxin. W e have 
identified over-expression of a receptor for an immune regulatory cytokine, interleukin- 1 3 (IL- 1 3) on 
human malignant glioma cell lines, primary brain tumor cell cultures, and tumor tissues. The targeting 
of IL-13 receptors (IL-13R) with a recombinant fusion protein composed of IL-13 and a mutated form 
of Pseudomonas exotoxin (IL1 3-PE38QQR or IL- 1 3-PE38, referred to here as IL1 3-PE) demonstrated 
apotent and specific cell-killing of GBM cells in vitro. Normal brain cells, immune cells, and endothelial 
cells devoid of the unique IL-13R chain were not susceptible to immunotoxin cell killing activity. 
Direct injection of IL13-PE into subcutaneous (sc) or intracranial human GBM tumors in nude mice 
resulted in complete and durable regression of tumors. IL13-PE delivered through intravenous (iv) and 
intraperitoneal (ip) routes of administration also reduced sc tumor burden with fewer complete responses 
(CR). High doses of systemic (up to 50 Ltg/kg) or intracerebral (up to 100 tig/mL) IL13-PE were well 
tolerated in mice and rats, respectively without evidence of gross or microscopic necrosis. 

Based on these encouraging preclinical results, four phase I and II clinical trials were initiated 
to investigate the safety, toxicity, and optimal convection-enhanced delivery (CED) of IL13-PE to 
patients with recurrent malignant gliomas; patients had already undergone standard therapy including 
surgery, radiation, and chemotherapy. CED uses a positive pressure to generate a pressure gradient that 
optimizes distribution of the macromolecule within tumor and peritumoral regions. A total of 97 
patients were treated with IL13-PE in these studies. CED of IL13-PE into solid tumor component as 
well as the surrounding brain tissues felt to be at risk for residual infiltrating tumor before and after 
tumor resection, respectively was fairly well tolerated in terms of safety profile. Histological anti- 
tumor effects have been observed at drug concentrations of 0.5, 1.0 and 2.0 ug/mL without apparent 
increased antitumor activity at higher concentrations. Duration of infusions up to 7 d was fairly well 
tolerated. A randomized worldwide phase III clinical trial (PRECISE, phase III Randomized Evalua- 
tion of Convection Enhanced Delivery of IL13-PE38QQR with Survival Endpoint) is currently recruiting 
patients with recurrent supratentorial GBM at first recurrence to evaluate overall survival duration, 
safety, and quality-of-life of patients treated by tumor resection followed by peritumoral IL13-PE 
infusion vs Gliadel® Wafer placement. 

Key Words: Glioma; immunotoxin; IL13-PE; chimeric fusion protein; xenograft; clinical trial. 
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INTRODUCTION 

Immunotoxins are potent cytotoxic agents that have emerged as an important therapeutic 
modality for cancer (1). They are composed of toxins derived from plants or bacteria linked 
chemically or by recombinant engineering to antibodies or ligands that target cell surface 
molecules expressed on cancer cells. Plant toxins are either composed of catalytic and binding 
chains linked together through a disulfide bond or a catalytic chain alone. The bacterial toxins, 
Pseudomonas exotoxin (PE) and diphtheria toxin (DT) are made up of single-chain proteins 
containing binding and catalytic domains. Features common to fusion toxins include binding 
to cell surface molecules, internalization, translocation to the cytosol, and eventual catalytic 
inhibition of protein synthesis leading to cell death. The binding domains of natural toxins are 
either mutated or removed to prevent binding to normal cells and then fused to a ligand or 
antibody that specifically targets cancer cells (2). The beneficial consequence of coupling a 
ligand to a truncated toxin is that binding to normal cells is diminished. Using this approach, 
several ligands and antibody fragments have been fused to toxins to exploit their therapeutic 
value in cancer therapy (3-6). 

These chemically conjugated or recombinant immunotoxins (also called cytotoxins) showed 
remarkable antitumor activity in vitro and in animal models of several human cancers (7-13 ). 
Currently, several immunotoxins are being tested in the clinic. The immunotoxins, in which an 
antibody is linked to PE, ricin, or other toxic moieties have demonstrated encouraging results 
in the treatment of certain advanced tumors in patients ( 14-19). In one of the earlier phase I 
clinical trials, Le y antigen-binding MAb B3 was fused to PE38, a slightly smaller toxin mol- 
ecule with deletions of unnecessary residues in domain lb. The fusion product is designated 
LMB-1 . Le y antigen is found in 95% of colon cancers, over 50% of breast cancers, and in many 
epithelial malignancies. LMB- 1 has produced several clinical responses including a complete 
response (CR) in a patient with breast cancer and partial response (PR) in a patient with colon 
cancer with extensive metastases (20). Later, a recombinant anti-Tac(Fv)-PE38 (LMB-2) was 
developed as a single-chain immunotoxin to target CD25-expressing cells (21). LMB-2 has 
produced clinical responses including 1 CR and 3 PRs in hairy cell leukemia and a PR in chronic 
lymphocytic leukemia, Hodgkin’s disease and cutaneous T-cell lymphoma (22). In contrast, 
another recombinant immunotoxin, LMB-7 in which the Fv portion of the B3 is fused to PE38 
has elicited poor activity in a phase I trial. Single-chain Fv and single-chain immunotoxins 
were found to be unstable at 37°C because of their aggregation (23). To overcome this problem, 
light- and heavy-chains were linked by a disulfide bond to improve the stability and the result- 
ing immunotoxins were stable at 37°C for several days. BL22, a disulfide-linked immunotoxin 
in which the Fv portion of an anti-CD22 antibody is fused to PE38 showed remarkable activity 
in drug-resistant hairy cell leukemia (24). Clinical trials involving recombinant antimesothelin 
immunotoxin, which targets mesothelin antigen expressed on mesothelioma, ovarian cancers 
and pancreatic cancers are also ongoing (25). 

Diphtheria toxin fused to IL-2 (DAB 389 IL-2) also displayed remarkable antitumor activity 
in patients with cutaneous T-cell lymphoma and Hodgkin’s lymphoma ( 19). Based on prom- 
ising clinical results, DAB 389 IL-2 (Ontak®) was licensed for the treatment of cutaneous T-cell 
lymphoma (26). In another DT based immunotoxin, epidermal growth factor (EGF) was fused 
to DAB 389 for targeting of EGF receptor positive carcinoma and brain tumors (27). EGF recep- 
tor-positive GBM cell lines were extremely sensitive (IC 50 0.4-50 pm) to a DT-EGF fusion 
protein (DAB 389 -EGF) (27). Several phase I and II clinical trials involving this fusion moiety 
have demonstrated tumor responsiveness in patients with non-small-cell lung cancer (28,29). 
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Another immunotoxin in which an antibody targeting the CD33 antigen present in acute 
myelocytic leukemia (AML) cells was chemically conjugated to a bacterial antibiotic, 
calicheamicin ( 30 ). This molecule (Mylotarg®) has been licensed for the treatment of AML 
( 31 ). In another phase I and II clinical trials, immunotoxins consisting of anti-CD25 or anti- 
CD30 monoclonal antibodies (MAbs) and deglycosylated ricin A chain were delivered intra- 
venously (iv) to patients with refractory Hodgkin’s lymphoma. Both immunotoxins showed 
moderate efficacy in the aggresively pretreated refractory patients ( 32 ). 

Several immunotoxins either attached to a MAb or ligand have also been tested on gliomas. 
Malignant gliomas, in particular GBM are the most insidious type of brain tumor and consti- 
tute the third leading cause of death with nearly 14,000 patients succumbing each year in the 
United States alone ( 33 ). Because of their invading and migrating phenotype in surrounding 
brain parenchyma, the surgical resection is limited to the main tumor mass and the tumor 
eventually recurs. Development of targeted drugs, such as immunotoxins, along with recent 
advances in drug delivery have created some hope for patients with malignant brain tumors. 
For CNS tumors, Laske et al. observed potent antitumor activity of transferrin-diphtheria 
toxin (Tf-CRM107) in mammalian cells expressing the transferrin receptor. Phase I clinical 
trial results demonstrated that Tf-CRM107, delivered via a high-flow convection method 
utilizing stereotactically placed catheters, produced 2 CRs and 7 PRs in a group of 15 patients 
( 34 - 37 ). In a Phase II open-label single-arm trial, patients received continuous infusion of Tf- 
CRM107 (0.67 pg/mL) escalating to a delivery rate of 0.20 mL/h/catheter (a total of 0.40 mL/ 
h for two catheters) for 4 to 5 d until a total volume of 40 mL was delivered. A second treatment 
was given 4 to 10 wk after initial infusion. A total of 5 CRs and 7 PRs were observed out of 
44 enrolled patients in which 34 were evaluable in a Phase II open-label clinical trial ( 36 ). 
Other cytotoxin targeting the EGF-R, transforming growth factor-a fused to PE (TGF-PE38) 
has shown increased survival in mice implanted with intracranial glioblastoma ( 27 , 37 ). In a 
phase I clinical trial, TGF-PE38 (TP-38) was delivered by CED in patients with recurrent 
malignant brain tumors. Two of 15 patients with residual tumor at the time of receiving the 
therapy demonstrated radiographic responses. One patient treated at a 25 ng/mL concentration 
level experienced a complete response. Another patient, treated with a 100 ng/mL concentra- 
tion, showed a PR characterized by a >50% shrinkage of tumor 34 wk after TP-38 therapy ( 38 ). 
Diphtheria toxin (DT 390 ) attached to a urokinase-type plasminogen activator (uPA) has also 
been shown to decrease tumor burden in the subcutaneous (sc) implanted human glioblastoma 
in nude mice ( 39 , 40 ). 

In our own studies, we have identified over-expression of IL-4 receptors in human glioma 
cell lines, primary cell cultures, and GBM tissues prompting development of an IL4-PE that 
targets receptors for IL-4 in vitro and in vivo ( 13 ). In a first Phase I clinical trial, IL-4-PE was 
well tolerated without apparent indication of incipient drug-related toxicity ( 41 ). This trial 
showed objective tumor responses in patients with recurrent glioblastoma. In a follow-up 
open-label, dose escalation trial involving intratumoral administration of IL4-PE, a total of 3 1 
patients with histologically verified supratentorial grade III and IV astrocytoma were treated. 
No systemic drug-related toxicity, as evidenced by a lack of hematological or serum chemical 
changes in blood, was noted in any patient. Treatment related adverse events were limited to 
the central nervous system (CNS). Grade III or IV toxicity was observed in 22% of patients 
at the MTD of 6 pg/mL x 40 mL. IL4-PE elicited tumor necrosis as evident by a change in 
gadolinium enhancement without systemic exposure of the drug ( 42 ). A 27-yr-old male patient 
with recurrent malignant glioma treated with a single intratumoral infusion of IL-4- PE (9 pg / 
mL in 66 mL infusate) exhibited a long-term survival of 3 yr. The patient eventually died of 
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Fig. 1 . Schematic diagram of IL13 -Pseudomonas Exotoxin fusion proteins. In IL13-PE38, domain la 
(amino acid 1-252 and 365-380) of PE are deleted and replaced by IL-13. In IL13-PE38QQR, domain 
la is again replaced by IL-13. Lysine (K) residues at position 590 and 606 of PE38 are replaced by 
glutamine (Q) while lysine at position 613 is replaced by arginine (R) to yield PE38QQR. 


local recurrence of the brain tumor. Though this response may be anecdotal, such clinical 
evolution subsequent to glioma therapy after a single round of immunotoxin is rather unusual 
suggesting that repeat courses of immunotoxin may be necessary for better tumor control (43). 
A third Phase I/II clinical trial with IL4-PE was conducted, in which doses of IL4-PE and 
volume of infusion were optimized. In addition, all patients underwent surgical resection after 
IL4-PE infusion (42). This study demonstrated that IL4-PE at a concentration of 1.5 ug/mL 
in a volume of 60 mL of fluid was well-tolerated with minimal neurological toxicides. Based 
on these clinical observations, IL4-PE should be further tested in a randomized controlled 
clinical trial to determine its efficacy. In addition, other drug delivery strategies should be 
explored with this promising antitumor agents because of the fact that IL-4R are over- 
expressed in most gliomas and other intracranial tumors. 

IL-4 was found to be structurally and functionally related to a new cytokine discovered in 
1993 termed IL-13. Not surprisingly, we found that IL-13Rare also over-expressed in several 
human solid tumors including GBM cell lines, primary cell cultures, and tumors (44,45). To 
exploit the presence of IL-13 receptors on tumor cells, we developed a fusion cytotoxin 
composed of IL-13 ligand and a mutated form of PE toxin (Lig. 1). Since the discovery of the 
IL-13 receptor on cancer cells almost a decade ago, we have been extensively engaged in 
studying the structure, function, and targeting of these receptors along with the toxicity and 
pharmacokinetics of IL13-PE associated with various routes of administration (46). As a 
result of these studies, several clinical trials were initiated and currently on-going in patients 
with recurrent malignant glioma. In addition, a Phase I clinical trial in patients with renal cell 
carcinoma (RCC) has been completed (47). Because of the limited scope of this chapter, we 
hereby focus the review on the development of IL 13-PE for malignant glioma therapy. 

PRECLINICAL DEVELOPMENT OF IL13-PE 
IL-13 Receptor on Glioma Cells 

IL-13 is a pleiotropic cytokine sharing numerous biological activities with IL-4 in humans. 
Both cytokines are mainly produced by activated Th2 cells and mast cells (48). These two 
cytokines can induce Ig class-switching, up-regulate expression of CD23 in B cells and 
monocytes (48,49), inhibit the production of inflammatory cytokines in monocytes (50), and 
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Table 1 


IL-13 Receptor Expression on Glioma Cells and Their Sensitivity Toward IL13-PE 


Cell line 

Binding site a 

Dissociation constant 
(KJ a (nm) 

IC S0 (ng/mL) b 

U251MG 

28,000 (22,660) 

2.1 (1.6) 

0.2 

A172 

22,600 

1.6 

0.05 

SNB19 

17,600 

1.4 

0.05 

U373 

16,000 

1.8 

0.3 

Hs683 

ND 

ND 

0.4 

DBTRG 

ND 

ND 

<2.0 

U87MG 

3,000 

ND 

-600 

T98G 

550 

1.0 

300 

G2 Explant 

300,000 

2.4 

0.2 


Notes: "Glioma cells (1 X 10 6 ) were incubated with 100 pM of radiolabeled IL-13 ( 125 I-IL- 
13) with or without increasing concentrations (up to 500 p M) of unlabeled IL-13. Binding sites 
and K d were calculated from displacement curves and Scatchard analysis generated by LIGAND 
software program. 

i Tn vitro cytotoxicity was performed by treating cells with varying concentration of IL13- 
PE using a protein synthesis inhibition assay (44). The concentration of IL13-PE at which 50% 
protein synthesis (IC 50 ) occurred was calculated. 


enhance the growth and differentiation of B cells, monocytes, and endothelial cells ( 48 , 50 - 
52 ). In contrast to IL-4, IL-13 does not exert direct effect on T cells ( 48 ) . IL- 1 3 exerts its action 
by binding to IL- 13R expressed on target cells ( 51 ). The action of IL- 1 3 in hematopoietic cells 
is well understood, but this is not the case with nonhematopoietic cells. 

Based on our prior knowledge of IL-4R overexpression on a variety of human solid tumor 
cells including RCC cells, we were the first to observe that human RCC cells express large 
numbers of IL-13R ( 53 ). As an extension of our search, we were pleasantly surprised to note 
that other types of tumor cells ( 46 ) including human glioma cells also expressed IL-13R in 
over- abundance ( 44 ). We targeted these over-expressed receptors for anti-tumor therapy 
using IL13-PE immunotoxin. A detailed description of IL13-PE is described in sections 
below. Radiolabeling studies performed using glioma cell lines showed that most GBM cells 
expressed a large number of IL-13R with high to intermediate affinity. No difference in 
affinity of IL-13 for its receptor was noted among tumor cell lines or cells derived from 
primary culture, although one G2 explant cell was found to express a high density of IL-13R 
(T able 1 ). In contrast to glioma cells, human immune cells — including B cells, monocytes, and 
T lymphocytes, and nonimmune cells such as endothelial cells — either do not express or 
express a very low level of IL-13R ( 53 , 54 ). Though the significance of IL-13R over-expres- 
sion on tumor cells is not known, nonetheless we have extensively studied the structure of 
IL-13R on tumor cells, including glioma cells. 

Structure of IL-13 Receptor 

Receptor binding studies revealed that radiolabeled IL- 1 3 cross-linked to a single 60- to 70- 
kDa protein on human RCC cells ( 53 ). Based on these studies, we proposed that IL-13R was 
a dimeric protein comprised of 65-70 kDa subunit chains ( 54 , 55 ). During the same period, two 
of the IL-13R chains, IL-13Ral and IL13Ra2 were cloned ( 56 - 58 ). The murine and human 


320 


Part V / Husain and Puri 


IL-13Ral chain was cloned first ( 57 , 58 ). We and others showed that the IL-13Ral chain 
forms a functional complex with IL-4Ra, a primary IL-4 binding subunit, for signal transduc- 
tion ( 56 , 59 ). The second chain, IL-13Ra2, was cloned first from a human RCC line ( 60 ) and 
later from a human glioma cell line ( 61 ). The IL-13Ra2 chain (65-kDa) binds to IL-13 with 
an affinity about 50 times greater than binding to the IL-1 3Ra. 1 chain ( 60 , 62 ). We later 
demonstrated that the subunit structure of the IL-13R varies in different types of cells ( 55 , 63 ) 
and have proposed the existence of three different types of IL-1 3R ( 63 , 64 ). In type I IL-13R, 
all three chains (IL- 1 3Ra 1 , IL- 1 3Ra2 and IL-4Ra) are present. IL- 1 3 binds to all three chains, 
whereas IL-4 binds to IL-4Ra and IL-13Ral chains. Type I IL-13R are expressed on brain 
tumor cells, RCC, and AIDS-associated Kaposi’s sarcoma cells ( 10 , 59 ). Type II IL-13R 
containing IL-13Ral and IL4Ra chains are expressed on Colo 201, A431, Cos-7, HT-29, 
pancreas, breast, prostate tumor cells, and endothelial cells ( 59 , 65 - 67 ). In type III IL-13R, an 
additional component of IL-2R complex (common ychain, yc) is also present. Type III IL- 13R 
are expressed on B cells, monocytes, and TF-1 erythroleukemia cells ( 48 , 55 , 68 ). The pro- 
posed IL-13R model was confirmed by reconstitution studies in CHO-K1 cells. We demon- 
strated that the IL- 13Ral chain but not the IL- 13Ra2 chain forms a functional complex with 
the IL-4Ra chain. The IL-13Ra2 chain inhibited IL-13 induced signal transduction induced 
by binding to IL-13Ral and IL-4Ra chains ( 69 ). 

Glioma Cells Express Type I IL-13R 

We recently demonstrated that primary brain tumor cell cultures established from tumor 
specimens resected from patients expressed three chains of the IL-13R complex, IL-1 3Ra. 1 , 
IL-13Ra2 and IL-4Raand have classified them as type I IL-13R. The IL-13Ra2 chain was 
expressed at both the mRNA and protein level in 72% of samples; however, all specimens 
expressed both IL-13Ral and IL-4Ra chains ( 45 , 70 ). Normal human astrocytes (NHAs), 
brain cells, or brain tissue samples had low levels of IL-13Ra2 mRNA. Other normal brain 
cell lines derived from normal human oligodendrocytes, NT-2 neuronal cell lines, and two 
cortex tissue-derived cell lines either did not express mRNA for IL- 13Ra2 or had levels that 
were undetectable. Further studies confirmed that the IL-13Ra2 chain is overexpressed in 
adult human glioma samples and serves as a primary binding subunit target for IL13-PE to 
exert its antitumor activity ( 64 , 70 ). In addition, we recently demonstrated that glioma cells not 
expressing IL-13R on their cell surface can be sensitized following IL-13Ra2 gene transfer. 
Interestingly, the introduction of IL-13Ra2 into the T98G cell line possessing undetectable 
levels of IL-13R resulted in an increased sensitivity (IC 50 from >1000 ng/mL to 0.7 ng/mL) 
to IL13-PE ( 71 , 72 ). This clearly suggested that the IL-13Ra2 chain, a primary binding sub- 
unit of the IL-13R complex, is required to bind to IL13-PE in order for immunotoxin to exert 
its cytotoxicity. In addition, we proposed that IL-13Ra2 chain may serve as a biomarker for 
malignant glioma and may be useful in anticipating response to therapy or for monitoring 
disease recurrence. 

Function of IL-13 Receptor 

The significance of IL-13R overexpression on tumor cells including glioma cells is not 
known. Sequencing and single strand conformation polymorphism (SSCP) studies conducted 
in 1 9 GBM cell lines have not demonstrated any mutations in IL- 1 3Ra2 chain. Although a single 
nucleotide polymorphism in the transmembrane domain of IL- 13Ral was detected, this muta- 
tion did not result in a change of amino acid or charge. IL- 1 3R on glioma cells were functional 
as IL-13 modulated the expression of VCAM-1 in one cell line. These results indicated that 
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IL-13R on GBM cell lines were not rearranged but appeared to be functional (61). The role 
for IL-13R on GBM cells in instigating tumorigenic processes has not been ruled out. 

Production of Recombinant IL13-PE 

PE is one of the pathogenic proteins secreted by Pseudomonas, aeruginosa bacteria and is 
made up of three major domains (23, 73). The N-terminal domain la is a cell-binding domain 
that binds ubiquitous receptors present on eukaryotic cells. To achieve the specific binding, 
domain 1 a was replaced with IL- 1 3 so the resulting toxin binds only to IL- 1 3R positive cells. 
Joshi et al. in our laboratory cloned a mature form of human IL-13 from human peripheral 
blood mononuclear cells (PBMCs). IL-13 gene was subcloned into YR39 or pRKL438QQR 
to yieldpBJIL13PE38orpRPL13PE38QQR, respectively (74j.IL13-PE38orIL13-PE38QQR 
were expressed from these plasmids in Escherichia coli and purified chimeric proteins were 
obtained in high yields by size-exclusion and ion-exchange chromatography (74). As shown 
in Fig. 1 , domain la amino acid 1 -252 and amino acids 365 to 380 were deleted, and lysine (K) 
residues at position 590 and 606 were replaced by glutamine (Q) whereas lysine at position 
613 was replaced by arginine (R) in IL13-PE38QQR (74). In IL13-PE38, domain la was 
deleted, but no amino acid substitutions were introduced (Fig. 1). It was initially believed that 
mutations in domain III would improve anti-tumor activity against tumor cells, consequently 
IL 1 3-PE38QQR was developed (75). However, later in vitro studies indicated that both IL 1 3- 
PE38QQR and IL13-PE38 molecules were equally cytotoxic (74). Because most of the initial 
anti-glioblastoma preclinical studies were performed with IL13-PE38QQR (referred herein 
as IL13-PE), it was selected for the clinical studies as well. 

Targeting of IL-13 Receptors 

The mechanism of cytotoxicity of IL13-PE includes binding of IL-13 to its receptor. The 
ligand-receptor complex undergoes receptor-mediated internalization to allow toxin process- 
ing. Domain II of PE is a site for proteolytic cleavage that catalyzes the translocation of the 
toxin into the cytosol. Domain III, located at C-terminus, possesses an adenosine diphosphate 
(ADP) ribosylation activity that inactivates elongation factor 2 leading to cell death (73). 
Because immunotoxins differ greatly from chemotherapy in their mode of action, tumor 
specificity and toxicity profile, we believe IL 1 3-PE will play a major role in future brain tumor 
therapy. 

In Vitro Targeting 

Results from protein synthesis inhibition assays showed that picomolar concentrations 
of IL 13 -PE (<20PM) effectively kill glioma cells (Table 1). Cell-killing blockage by excess 
of IL-13 indicated the specificity of the toxin (76). The cytotoxic assay by clonogenic 
method further confirmed the remarkable sensitivity of brain tumor cells to IL13-PE (46). 
The noninvasive 5-type neuroblastoma cell line was less sensitive to IL 1 3-PE. The presence 
of toxin-targeted receptors on normal tissues has always been a major impediment to the 
development of immunotoxins. Because of the fact that IL-13R are expressed either at low 
or undetectable levels on normal brain tissues, the toxin did not exert cytotoxic effect on 
NHAs (45 ). Similar to NHAs, normal endothelial and immune cells expressed undetectable 
levels of IL-13Ra2 (53,54). These findings suggested that our toxin would not exert delete- 
rious effects on normal cells thereby offering a favorable potential therapeutic window. 
Encouraging in vitro results led us to further explore the efficacy of IL13-PE in xenograft 
models of GBM. 
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Efficacy in Xenograft Models 

The therapeutic efficacy of IL13-PE was tested in athymic nude mice models of human 
U251MG and U87MG glioblastoma tumors (46,76). Intravenous injections of IL13-PE (25 
or 50 pg/kg for 5 d) into mice bearing subcutaneous U25 1 tumors reduced average tumor size 
by 65 and 75%, respectively, compared with controls. Even though the half- life of IL13-PE 
in nude mice is short (t m ot= 9 min and f 1/2 |3= 75 min), it resulted in 20% CR at each dose. IL 13- 
PE at a dose of 100 pg/kg x 5 d was toxic to animals ( 10)', however, tolerated doses induced 
tumor regression in a dose-dependent manner. Mice treated with twice daily (bid) intraperi- 
toneal (ip) doses of 25 or 50 pg/kg of IL13-PE for 5 successive days reduced tumor burden 
by 36 and 54% along with durable 20 and 40% CRs, respectively. Similar ip injections of 50 
pg/kg IL13-PE in the U87MG xenograft model resulted in tumor regression by 50%; no CR 
was observed (76). 

The MTD of 50 ug/kg given bid x 5 d ip administration could be increased to 100 pg/kg 
when IL13-PE was infused for 7 d using ip mini-osmotic pumps. The infusion regimen was 
better tolerated and more efficacious than ip bolus administration. U251MG tumors were 
reduced by 86% with 5 of 8 (63%) mice showing CRs. The lower doses, 25 and 50 pg/kg/d, 
also caused tumor regression by 50 and 72%, respectively. A higher dose of IL 1 3-PE (250 pg/ 
kg/d) was toxic to animals and 3 of 5 mice died within 7 d of pump-implantation (77). Mice 
treated with MTD doses tolerated therapy well without any visible signs of toxicity. 

GBM being a loco-regional disease, an attempt was made to treat with direct drug delivery 
to the tumor to bypass the blood-tumor barrier. Intratumoral delivery of IL13-PE (50 or 100 
pg/kg x 5 ) into U251MG xenografts resulted in 80 and 100% CRs, respectively. More IL13- 
PE could be delivered at the tumor site as compared with iv or ip delivery (10,76). Because 
U87MG tumors express lower number of IL-13R, a relatively higher dose of IL13-PE (250 pg/ 
kg x 3 d) on alternate days (qod) was necessary to eliminate tumors in 100% of tumor 
xenografts. A total of 750 pg/kg IL13-PE was required to achieve 100% CRs in U87MG 
model compared to U25 IMG model, where 500 pg/kg (100 pg/kg x 5 d) resulted in all CRs. 
It was quite evident that a higher drug accumulation by intratumoral route yielded in a better 
efficacy. Surprisingly, a slightly higher dose of IL13-PE (250 pg/kg x 5 d) was able to 
eradicate even larger tumors (75 mm 2 ) in 33% of treated mice, which is an indication that IL13- 
PE may be utilized in a patient population even with a heavy tumor burden. 

Pharmacology and Toxicity 

Systemic Toxicity 

In some instances, targeted receptors/antigens are present on normal cells and immunotoxins 
may cause undesirable side effects. Because the human IL-13 binds to murine IL-13R (78), 
toxicity studies conducted in mice may provide an appropriate model for estimating a toxicity 
profile of IL13-PE in humans. To evaluate the toxicity profile, 3 doses (25, 50, and 75 pg/kg, 
qod) of IL13-PE were injected iv. Mice experienced a weight loss at the highest dose more 
prominently in female than male. Three out of five female mice died at the highest dose. A 
moderate zonal hepatic necrosis was observed. Hepatic transaminases (ALT and AST) were 
elevated more in female than male mice. The lower doses (up to 50 pg/kg) caused no signifi- 
cant changes in AST and ALT. None of the treated mice showed hematological toxicity or 
vascular leak syndrome. The chronic toxicity studies with MTD dose, 50 pg/kg, qod x 9 d 
caused transient weight loss more notable in female mice than male mice. The ALT and AST 
values were elevated in female, but not in male mice. Repeated injections of IL13-PE at lower 
doses (12.5 and 25 pg/kg) did not cause hepatic toxicity similar to those observed in the acute 
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toxicity study (79). Hepatic toxicity appears to be related to non-specific uptake of IL13-PE 
by hepatocytes. 

Similar studies in cynomolgus monkeys with iv. bolus injections of IL13-PE (12.5 or 50 pg/ 
kg/d x 5 d) caused moderate dose-related elevation of hepatic transaminases, maximal on days 
5 through 8 returning to baseline by days 15 through 22. Transient depression of serum 
cholesterol was noted in high-dose treated animals. Elevation of creatinine kinase was also 
noted on day 3, with subsequent decline to normal. IL13-PE did not cause hematological 
toxicides. Body weight remained stable in all monkeys (79). 

Intracerebral Toxicity 

The injections of IL13-PE (0.1-100 pg/mL) into right frontal lobe (caudate nucleus) of 
Sprague-Dawley rats did not produce cytologic evidence of acute neuroglial cell toxicity at 
96 h. Small regions of hemorrhage were noted at the site of injection for doses > 1 pg/mL with 
rarefaction attributable to injection of fluids and/or a minimal inflammatory reaction. The 
hemorrhage may be related to drug toxicity but appears more consistent with inoculation track 
injury. In a similar intracerebral toxicity study with IL13-PE (0, 100, 500, 1000, 2000 pg/mL), 
no changes in behavior, weight, hematology or chemistry values were detected. No systemic 
detectable drug levels were observed. However, a single dose of =500 pg/mL of IL13-PE 
caused severe liquefactive necrosis surrounded by degenerating neurons and edema (79). 
Inflammatory reaction was minimal. 

Pharmacokinetics 

Pharmacokinetics studies of IL13-PE (50 pg/kg, iv) conducted using CD2F1 mice revealed 
a serum half-life (f 1/2 (3) for the drug of 1.39 h with the C max of 717 ng/mL, and an area under 
the curve (AUC) of 2 19 ng/h/mL. Serum half life in monkeys injected with 5 doses of 50 pg/ 
kg of IL13-PE was 4.4 h with a C max of 474 ng/mL, and an AUC of 582 ng/h/mL (79). 

CLINICAL TRIALS 

IL 13-PE provided promising results in preclinical studies and appeared to have a favorable 
therapeutic window for regional therapy to treat malignant gliomas. Consequently, four multi- 
center phase I/II clinical trials were initiated in patients with recurrent supratentorial glioma 
using CED technique. A total of 97 patients were treated with IL 13-PE in these studies. These 
trials IL13-PEI-001, IL13-PEI-002, IL13-PEI-103, and IL13-PEI-105 are summarized below. 

IL13PEI-001 Study 

The primary objective of the phase I component of this study was to determine the safety 
and tolerability of IL13-PE administered by an intratumoral infusion into malignant gliomas 
in the supratentorial region over 96-h period without planned resection and repeat infusion 8 
wk later (80-82). This study is being undertaken by the National Cancer Institute (NCI)/New 
Approaches to Brain Tumor Therapy (NABTT) consortium. 

Eligibility criteria for this study requires a prior diagnosis of supratentorial malignant 
glioma, recurrence after radiotherapy (RT), measurable disease (1-5 cm in diameter), and a 
stereotaxic biopsy confirming malignant glioma at the study entry. IL 13-PE was administered 
by micro-infusion via one or two intratumoral catheters at 400 uL/h/all catheters for 96 h (total 
38.4 mL). A maximum of two infusions of 96 h at weeks 1 and 9 were planned. IL13-PE 
concentration was increased in each cohort of three patients to determine the MTD in terms 
of systemic or CNS toxicity based on WHO toxicity criteria. Cohorts were expanded to six 
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patients if one dose limiting systemic or CNS toxicity (DLT) was observed. At the initial 
concentration level (0. 125 ug/mL). the cohort was expanded to six patients as one of the first 
three patients developed cerebral edema and symptoms of mass effect shortly after completion 
of the first infusion that responded rapidly to corticosteroid. No other DLTs were observed at 
the initial concentration. A second infusion at week 9 was given to three patients and was well 
tolerated. After the initial concentration, cohorts of 3 patients each received escalating con- 
centrations of 0.25, 0.5, 1.0, 2.0, and 4.0 pg/mL of IL13-PE. One patient in the 4.0 pg/mL 
cohort had a DLT including a seizure associated with imaging histopathologic changes con- 
sistent with nonspecific necrosis of tumor-infiltrated and possibly normal brain parenchyma. 
Three additional patients have been treated at 4.0 pg/mL and are being followed. A total of 
24 patients were treated in this study ( 82 ). In general, drug-related adverse events of grade II 
included headache, and CNS events such as hemiparesis, aphasia, brain edema, ataxia, con- 
fusion, and seizures. After implementation of pre- and post-treatment corticosteroid guide- 
lines in cohort 1 , a reduction in neurological adverse events resulted to mass effects from the 
volume of infusate. Overall, 2 histopathologic (0.125 and 0.5 pg/mL) and 2 radiographic 
(0.125 and 1.0 pg/mL) responses were observed. Histopathologic responses were identified 
at the time of the surgery for debulking as 2 patients developed symptoms of mass effect 
accompanied by radiographic changes suggesting tumor progression. Overall median sur- 
vival from time of treatment was 39 wk ranging from 8 to 1 83+ wk. 

IL13PEI-002 Study 

This study examined a novel treatment design consisting of pre- and postoperative infusion 
of IL13-PE in recurrent supratentorial malignant glioma and surrounding brain at risk for 
residual infiltrating tumor ( 83 - 86 ) . The primary obj ectives of this study were to determine the 
histologically effective concentration (HEC) of IL13-PE, the tolerability and toxicides of 
intratumoral and peritumoral IL13-PE administration, the tolerability of longer durations of 
infusion, and the feasibility of postoperative deferred catheter placement. Histologic efficacy 
was defined as geographic necrosis adjacent to tip of the catheter caused by loss of cellular 
integrity with eosinophilic staining or by complete cell loss. The finding of 90% necrotic cells 
in a radial distribution at least 1 cm from the catheter tip in the postinfusion specimen com- 
pared with the preinfusion biopsy defined the histologic evidence of the drug. This four-stage 
study is being conducted at the University of California, San Lrancisco, Memorial Sloan 
Kettering Cancer Center, NY, MD Anderson Cancer Center, TX and Yale University, CT. 
Eligibility criteria included prior histologically confirmed diagnosis of supratentorial grade 
III or IV malignant glioma including anaplastic astrocytoma, GBM, or malignant oligoastrocytoma. 
In stage I, after biopsy and placement of one catheter, IL13-PE was given over a 48 h period 
at 400 pL/h. Tumor was resected about 1 wk later and evaluated for necrosis adjacent to the 
catheter. Stage II of the study included the placement of 2 or 3 catheters into brain adjacent 
to operative site followed by a peritumoral infusion of IL13-PE at 750 pL/h/all catheters. 
Escalation of intratumoral and peritumoral concentrations, starting at 0.25 pg/mL, were per- 
formed separately (Table 2). After an HEC was identified in stage I, the intratumoral admin- 
istration was omitted, and escalation of IL13-PE concentration using only a post-resection 
peritumoral infusion continued up to the identified MTD. Stage III of the study assessed the 
safety and toxicity of increasing duration (5 and 6 d) of a postresection peritumoral infusion 
of IL13-PE at a fixed concentration determined in stage II. Finally, in stage IV, the 2 highest 
peritumoral concentrations determined safe in stage II (0.25 and 0.5 pg/mL) with a 96-h 
infusion was used to assess the feasibility of post-operative deferred catheter placement 
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Table 2 

IL13-PEI-002 Study Design" 


Stage I: Pre- 

Dose level 

and Postresection infusion of IL-13-PE 

Preresection/intratumoral Postresection/peritumoral 

Concentration 
( p g/mL) 

Total dose 

0 ig) 

Concentration 
(p g/mL) 

Total dose 

(m) 

1 

0.25 

4.8 

0.25 

18.0 

2 

0.5 

9.6 

0.25 

18.0 

3 

1.0 

19.2 

0.25 

18.0 

4 

2.0 

38.4 

0.25 

18.0 

Stage II: Postresection infusion only 




Concentration ( p g/mL) 

Total dose (pg) 

1 

0.5 


36 


2 

1.0 


72 


Stage III: Postresection infusu 

on only 




Duration (d) 

Volume (mL) 

1 

5 


90 


2 

6 


108 


Stage IV: Postresection infusion only, with catheter placement on 

1 day 3 after resection 


Concentration (p g/mL) 

Total dose (pg) 

1 

0.5 


36.0 


2 

0.25 


18.0 



Notes: “ The study was designed to determine the histologically effective concentration, 
tolerability and toxicities of intratumoral and peri tumoral IL 1 3 -PE administration, the tolerability 
of longer duration of infusion, and feasibility of postoperative catheter placement in patients with 
recurrent supratentorial malignant glioma. 

Stage I: After biopsy and placement of one catheter, IL13-PE was infused over 48 h at a rate 
of 400 pL/h. Tumor was resected 1 wk later. 

Stage II: Two or three catheter were placed into brain adjacent to operative site followed by a 
peritumoral infusion of IL13-PE at 750 pL/h/all catheters. 

Stage III: Postresection peritumoral IL13-PE was infused at a fixed concentration determined 
in stage 2 for either for 5 or 6 d. 

Stage IV: Two highest peritumoral concentrations of IL13-PE determined safe in stage II (0.25 
and 0.5 pg/mL) were infused for 96 h to assess the feasibility of postoperative catheter placement. 


compared to intraoperative placement immediately after tumor resection in stages I, II, and 
III. A total of 42 patients were treated in this phase I study (15 patients in stage I, 9 in stage 
II, 6 in stage III, and 12 in stage IV) (Table 2). 

In 1 5 patients who received intratumoral IL 1 3 -PE in stage I, good evidence of drug-induced 
tumor necrosis at a concentration of 0.5, 1.0, and 2.0 pg/mL was observed. However, no 
increasing dose response was observed across those concentrations. All 15 patients received 
a peritumoral infusion at 0.25 pg/mL IL13-PE38QQR with no observation of DLT. Dose 
escalation of peritumoral infusion concentration began at 0.5 pg/mL in stage II. Among all 9 
patients treated with a peritumoral infusion, 6 received 0.5 pg/mL and 3 received 1.0 pg/mL 
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Table 3 

IL13-PEI-103 Study Design 3 


Stage I: Escalation of infusion duration at a constant concentration of IL13-PE 
Dose level Concentration (\ig/mL) Duration (d) Total Dose (p.g) 


1 

0.5 

4 

25.9 

2 

0.5 

5 

32.4 

3 

0.5 

6 

38.9 

4 

0.5 

7 

45.4 

Stage II: Escalation of IL13-PE concentration at a constant infusion duration 

Dose level 

Concentration (\lg/mL) 

Duration (d) 

Total Dose (pg) 

5 

1.0 

1 

90.7 

6 

2.0 

7 

181.9 

7 

3.0 

7 

272.9 

8 

4.0 

7 

362.8 


Notes: “ In this multicenter study, patients with recurrent supratentorial malignant glioma 
underwent stereotactic biopsy followed by the placement of one or two catheters. 

Stage I: IL13-PE was infused at a fixed concentration (0.5 pg/mL) and a fixed infusion 
rate of 540 pL/h/all catheters. The infusion duration was escalated from 4 d (25.9 pg) to 7 
d (45.4 pg) to identify a MTD based on infusion duration. 

Stage II: The concentration of IL13-PE was escalated from 1.0 pg/mL to a maximum of 
4.0 pg/mL at a fixed infusion rate of 540 pL/h to identify tolerability and MTD based on 
concentration. 


of IL 1 3-PE. As two patients at 1 .0 pg/mL of IL 1 3-PE experienced DLT consisting of nonspe- 
cific drug toxicity to normal brain parenchyma resulting in imaging changes associated with 
neurological symptoms, 0.5 ug/mL concentration was considered to be the MTD for stage II. 
In stage III, the duration of infusion of IL 1 3-PE was 5 and 6 d without any evidence of toxicity. 
Subsequently, 12 patients were enrolled in stage IV. The data available from those patients 
showed that the procedure was feasible and well tolerated. In addition, the placement of 
catheters 24 to 48 hafter resection appears to have improved the accuracy of catheter place- 
ment, with approx 90% of the catheters having been optimally positioned compared to 50% 
with intraoperative catheter placement. In general drug-related adverse events of grade II 
included headache and CNS events such as hemiparesis, sensory disturbance, aphasia, facial 
weakness, amnesia, seizure, dysarthria, and ataxia as well as fatigue. Overall, median patient 
survival through January 13, 2004 was 51.7, ranging from 8 to 169+ wk in this study, which 
included a great majority of GBM. 

Several abstracts have summarized the findings of this study ( 83 - 90 ). 

IL13-PE1-103 Study 

This multicenter study evaluated the safety, tolerability, and the maximum tolerated dura- 
tion and concentration of IL13-PE38QQR administered with an intratumoral infusion fol- 
lowed by resection of recurrent supratentorial malignant glioma ( 87 , 91 ). This trial was 
conducted at the University Hospital Eppendorf and University Hospital Kiel, Germany, the 
Chaim Sheba Medical Center and Tel Aviv Sourasky Medical Center, Israel; Cleveland Clinic 
and University of Colorado. Eligibility criteria required that patients have histologically- 
confirmed supratentorial grade III or IV recurrent or progressive resectable tumor (<5.0 cm) 
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with standard radiation therapy completed 12 wk prior to study entry. Patients underwent 
stereotactic biopsy for histopathological confirmation. One or two catheters were placed into 
the contrast-enhancing component of the tumor. As shown in Table 3, in the first stage, 
patients received infusion of IL13-PE at a fixed concentration of 0.5 pg/mL and at a fixed 
infusion rate of 540 pL/h/all catheters. The infusion duration was escalated from 4 d (5 1 .8 mL 
equivalent to 25.9 pg as total dose) to a maximum of 7 d (90.7 mL, total dose 45.4 pg) to 
identify a MTD based on infusion duration. Fourteen days later, a resection of tumor was 
performed and anti-tumor drug effect was determined by histopathology. In stage II, the 
concentration of IL13-PE was escalated from 1.0 pg/mL to a maximum of 4.0 pg/mL to 
identify the tolerability and MTD based on concentration at a fixed infusion rate of infusion 
of 540 pL/h. A total of 25 patients were treated; 13 in stage I and 9 in stage II. In addition, 3 
patients were treated using the design of stage IV of study IL13PEI-002 as a single institution 
amendment part of study IL13-PEI-103 to assess the feasibility of deferred postoperative 
catheter placement. Duration of infusion up to 7 d was well tolerated. The most frequent grade 
II drug-related adverse events were similar to those experienced in studies IL13PEI-001 and 
-002. Median overall survival was 40.8 wk, ranging from 13 to 96+ wk. 

IL13-PE1-105 Study 

This was a pilot imaging study, which utilized 123 I-Human Serum Albumin ( 123 I-HSA) as 
a surrogate tracer to assess the distribution of IL13-PE38QQR in patients with recurrent, 
resectable, supratentorial malignant glioma. This study was initiated on July 2003 at Duke 
University Medical Center, Durham, NC. In stage I of the study, drug distribution was evalu- 
ated for both intratumoral and peritumoral infusion, whereas in stage II, only a peritumoral 
distribution was performed. Four patients in stage I, and three in stage II, have been treated 
in the biodistribution study ( 92 ). The major findings include that intratumoral infusion does 
not appear to result in a significant peritumoral distribution and that catheter positioning 
significantly influences distribution of imaging surrogate tracer supporting the treatment 
design with only a peritumoral infusion following gross total resection of the tumor and 
deferred postoperative catheter placement ( 92 ). 

Design of Phase 3 Study Protocol 

The results from phase I/II studies were used to determine for the treatment design of the 
phase III study (Fig. 2). This study “Phase III Randomized Evaluation of Convection 
Enhanced Delivery of IL13-PE38QQR compared to Gliadel® Wafer with Survival Endpoint” 
(PRECISE Study) in GBM patients at first recurrence has been recently initiated. It will 
compare the overall survival of patients treated with a post-resection, peritumoral infusion of 
IL13-PE with the overall survival of patients treated with Gliadel® Wafer at the time of 
surgery. Secondary and tertiary objectives of this study include the assessment of safety and 
toxicity, and health related quality-of-life parameters, respectively in these patients. In the 
IL13-PE arm, histopathological confirmation of viable glioma consistent with recurrent/pro- 
gressive will be determined from frozen section of resected tumor. Tumor resection will be 
followed by placement of 2 to 4 peritumoral catheters in a separate procedure 2 to 7 d later. 
A continuous peritumoral infusion of IL13-PE will be administered at a concentration of 0.5 
pg/mL and a total flow rate (all catheters) of 750 pL/h for 96 h (Fig. 3). A total of 36.0 pg in 
a total volume of 72 mL is to be administered (Fig. 2). In a GLIADEL® Wafer arm, the tumor 
will be resected and confirmed for viable glioma followed by postresection placement of up 
to eight Wafers (3.85% carmustine, or 7.7 mg carmustine/Wafer). Patients will be assigned 
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# 14 days prior to entry 


Study Entry/Randomization 


Planned shortly 
after randomization 


Planned 2 to 7 days 
after Resection 


96 hours, beginning day 
after Catheter Placement 

22, 43, and 71 days 
after resection 


Begin 18 weeks 
after Resection 


Fig. 2. Treatment scheme of phase 3 (PRECISE) study protocol. After screening, the eligible patients 
will be randomized and assigned either to the IL13-PE or GLIADEL® wafer arm in 2: 1 ratio. In IL13- 
PE arm, 2 to 4 peritumoral catheters will be placed followed by infusion of IL13-PE at a concentration 
of 0.5 ug/mL and a flow rate of 750 pL/h/all catheters for 96 h. In GLIADEL® Wafer arm, up to 8 Wafers 
(7.7 mg Carmustine/Wafer) will be placed after resection of tumor. 



Fig. 3. CED of IL13-PE. The human brain diagram displays the placement of two catheters in to tumor 
mass (shown in blue color). IL13-PE is microinfused into brain tissues using pressure gradients. The 
enlarged area displays the regional distribution of the drug near the tip of the catheter. The homogeneity 
of drug distribution may be affected by interstitial fluid flow and hydrostatic pressure gradients. 
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either to the IL13-PE or GLI ADEL® Wafer treatment group in a 2: 1 ratio via central random- 
ization. A total of 270 patients will be enrolled to evaluate efficacy of IL13-PE. Approxi- 
mately 50 centers worldwide are expected to participate in the study. All AEs will be collected 
until disease progression, and then only SAEs related to study drug. 

Immunogenicity and Serum Level 

In a study to assess immunogenicity, 21% of patients possessed IgG antibody to IL13- 
PE prior to drug administration as determined by qualitative enyme-linked immunosorbent 
assay. Twoof7 (29%) and 1 1 of 15 (73%) evaluable patients in the IL13PEI-002 andIL13PE- 
103 studies, respectively developed IgG Ab to IL13-PE following drug administration. The 
IgG Ab produced in response to IL13-PE was specific for PE and not to the IL-13 portion of 
the molecule. The higher frequency of antibody development in IL13PEI-103 study patients 
may be related to the intratumoral delivery exposing the humoral immune system to the drug 
either through blood-tumor barrier disruption or local lymphocytic infiltration. 

IL 1 3-PE was not detected in the serum of any patient immediately after CED of the drug in either 
study. The lower limit of quantification for the cell-based cytotoxicity assay was <20 ng/mL. 

CONCLUSION 

Expression of IL-13R at a high density (relative to normal cells) provided a potential 
therapeutic target for IL13-PE38QQR. IL-13R were over-expressed on glioma cell lines and 
primary explants of malignant gliomas. IL-13R on glioma cells were composed of two IL-13 
binding proteins; IL-13Ral and IL-13Ra2. IL-13Ra2 chain, the primary binding subunit of 
IL-13R complex binds to IL-13 with high affinity. We recently demonstrated that IL-13Ra2 
chain is internalized after binding to IL-13 but did not induce signal transduction through the 
STAT6 pathway ( 64 ). Gene transfer of IL-13Ra2 chain into glioma cells that lack this chain 
can sensitize naive cells to the cytotoxic effect of IL13-PE ( 71 , 72 ). Furthermore, reverse- 
transcriptase polymerase chain reaction analyses and immunofluorescence studies confirmed 
that IL-13Ra2 chain is over-expressed in a majority of malignant gliomas and can serve as a 
biomarker for targeting immunotoxin or may act as tumor-associated antigen for specific 
immunotherapy ( 45 , 93 ). It is encouraging to note that IL13-PE38QQR kills only IL-13R 
positive cells, but not normal brain cells ( 46 ), which express either a low number of receptors 
or no receptors ( 45 ). This selective binding may provide a relative therapeutic window for 
targeting glioma cells versus normal cells. 

The remarkable in vitro cytotoxicity of IL13-PE translated well into GBM animal models. 
Subcutaneous GBM tumors in mice regressed completely in response to local delivery of 
IL13-PE in absence of unintended toxicity. It is known that toxin moieties of immunotoxins, 
including PE, diphtheria toxin, and ricin kill cells not only by inhibition of protein synthesis 
but also by concomitant induction of apoptosis ( 94 ). We demonstrated that intratumoral 
delivery of IL13-PE38QQR caused induction of proapoptic molecules such as caspase-3, -8 
and -9; cleavage of pro-caspase-3 and poly(ADP-ribose) polymerase; and release of cyto- 
chrome-c from mitochondria to cytoplasmic compartment. These two major apoptotic pathways 
appeared to play a role, at least in part, in the regression of tumors in xenograft models ( 95 ). 

Our phase I/II clinical studies in recurrent supratentorial malignant glioma patients dem- 
onstrated that IL13-PE may be delivered safely using CED, bypassing the blood-brain barrier 
and minimizing systemic exposure. A higher concentration of IL13-PE can then be achieved 
within the tumor, as well as the brain parenchyma surrounding resection cavity, containing 
infiltrating tumor cells. Symptoms related to edema and local mass effect in IL13-PEI-001 
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protocol were minimized by implementation of pre- and post-treatment corticosteroid use 
guidelines. IL13-PE peritumoral infusion was well tolerated in part because overall tumor 
mass effect and edema was reduced by tumor resection. The evidence of regional necrosis at 
a concentration of 0.5, 1 .0 and 2.0 ug/mL indicate the histological effects of the drug on tumor 
cells. There was no apparent increased histopathological effect with increasing concentration 
across these concentration levels ( 85 ). However, a postresection peritumoral MTD with a drug 
concentration of 0.5 Lig/m L was identified in stage II of IL13PEI-002. Longer duration infu- 
sion (up to 7 d) at the fixed concentration of IL13-PE (0.5 pg/mL) in studies IL13PEI-002 and 
IL13-PEI-103 was also well tolerated in all patients. Although phase I studies are typically 
designed to assess safety and toxicity of study drug, encouraging patient survival in several 
subjects was observed in all three studies suggesting IL13-PE effect on tumor control. 

The proposed IL13-PE concentration (0.5 pg/mL) for phase III is based upon HEC and 
peritumoral maximum tolerated infusion concentration determined in study IL13PEI-002. A 
concentration of 0.5 pg/mL is at least three log units higher than the IC 50 of most glioma cells 
(Table 1) but is well below the no effect level (NOEL) of 100 pg/mL obtained in rodent safety 
evaluations for acute toxicity ( 76 ). For phase III, a fixed volume (72 mL, 18.0 mL/d) of 
infusion was selected to standardize the procedure and because supratentorial gliomas have 
an invasive and migrating phenotype and often infiltrate a large portion of a cerebral hemi- 
sphere despite their confined appearance on imaging studies. Other clinical trials using CED 
for malignant glioma have used infusion for as long as 16 d ( 34 ). There may be no benefit of 
continuing CED for a 16-d duration for 2 reasons: (1) a steady state of convection may occur 
after a number of days and (2) additional volume of infusion will not result in a significant 
expansion of the diameter of the volume of distribution. Another major consideration is the 
risk of infection associated with externalized catheters, which starts to increase on average 6 
d after the device placement ( 96 ). A duration of infusion of 96 h and a 24- to 48 -h period of 
observation will allow catheter removal in less than 6 d to reduce the risk of infection. 

The ongoing phase III multicenter trial will determine whether efficacy of IL-13-PE in 
patients with GBM can be found at first recurrence. Several issues such as distribution of drug 
within tumor mass as well as to infiltrating tumor cells surrounding brain parenchyma, loca- 
tion of catheters, catheter configuration have been or are being addressed. As GBM is a 
heterogenous tumor that expresses several different types of receptors, a combination therapy 
using immunotoxins targeting different receptors, may be another approach for optimal treat- 
ment of these tumors. 
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Summary 

The prognosis for patients with malignant gliomas remains poor despite investigation of multiple 
novel therapies. Ongoing discovery of many of the genetic alterations associated with the transformed 
phenotype has permitted the development of new therapeutic approaches focused specifically on 
attacking these changes in neoplastic cells. Targeted therapies can be divided into three categories: 
(1) monoclonal antibodies (MAbs), (2) antisense oligonucleotides, and (3) small molecule drugs 
(SMDs). SMDs target growth factors and their receptors, downstream signaling signal transduction 
cascades, cell-cycle control molecules, and modulators of apopotosis, or invasion factors. This chapter 
focuses on the rationale for using small molecule targeted therapy for the treatment of malignant 
gliomas, and on progress made in the development of this class of drugs for clinical use. In the future, 
molecular profiling of gliomas will provide a basis for individualized “tailored therapy” using targeted 
molecules along with traditional cytotoxic therapies. 

Key Words: Glioma inhibitors; growth factors; high-grade glioma (HGG); small molecule 
drugs (SMDs); targeted therapy; tyrosine kinase inhibitors. 

BACKGROUND 

The prognosis for patients with malignant gliomas remains poor despite active investiga- 
tion of multiple new types of chemotherapy. Despite the lack of clinical progress, there has 
been significant progress in elucidating many of the specific genetic defects associated with 
high-grade gliomas (HGG). Overexpression or amplification of oncogenes (e.g., EGF/EGFR, 
PDGF/PDGFR, CDK4, MDM-2, Ras, Akt) as well as mutation or deletion of tumor suppres- 
sor genes (e.g., PTEN, TP53, Rb, pl6INK4, pl4ARF) are a few of the defects that have been 
implicated in the development and resistance to therapy of these tumors (1-4). Oncogenes are 
involved in membrane -related and internal signal-transduction pathways that affect cell pro- 
liferation and growth potential, whereas tumor suppressor genes are negative regulators of the 
cell cycle or inhibit signal-transduction pathways (2). These genetic changes have profound 
effects on the activation states of cellular signal-transduction pathways, which results in the 
transformed phenotype. Cancer cells may become dependent on these altered pathways for 
survival, unlike normal cells which can usually compensate for inhibition of one pathway by 
activation of redundant, parallel pathways. This new understanding has permitted the devel- 
opment of new therapeutic approaches focused specifically on attacking these alterations 
found only in cancer cells (5,6). 
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Signal Transduction and New Targeted Therapies 

Unlike conventional cytotoxic chemotherapies, targeted therapies are intended to be more 
specific for cancer cells and, consequently, to have less toxicity ( 7 , 8 ). At the present time, 
targeted therapies can be divided into three categories: ( 1) monoclonal antibodies (MAbs), (2) 
antisense oligonucleotides, and (3) small molecule drugs (SMDs). 

Antibody-Based Therapies 

Antibody-based therapies involve the use of MAbs directed against a specific target, which 
is usually extracellular. These antibodies block initiation of receptor-mediated signaling by 
attaching to the extracellular domain of cell surface receptors, thereby impeding interactions 
with ligand and/or blocking receptor dimerization ( 9 , 10 ). They may also initiate immune 
responses, including complement-mediated or antibody-dependent cell-mediated cytotoxic- 
ity, and cause receptor downregulation or internalization ( 10 , 11 ). Examples of these are 
trastuzumab (Herceptin), which is directed against HER2, and cetuximab (C225), which 
is directed against epidermal growth factor receptor (EGFR). A newer approach uses 
“armed antibodies” by conjugating immunotoxins, fusion proteins, radionuclides, or 
immuno liposomes to the antibody to create additional cytotoxic effects ( 5 , 10 ). This approach 
is of limited utility in central nervous system (CNS) malignancies because of the inability 
of these agents to cross the blood-brain barrier (BBB) ( 12 ). In addition, some mutant recep- 
tors present in glioblastoma multiforme (GBM) have an altered or missing extracellular 
domain ( 9 ). 

Antisense Oligonucleotides 

Antisense oligonucleotides are short sequences of nucleotides that bind with high affinity 
to complementary messenger RNA (mRNA) and prevent translation by either steric blocking 
of the ribosome complex or by causing mRNA cleavage by RNase H ( 13 - 15 ). They may be 
used to block synthesis of gene products that are involved in signal transduction, such as 
growth factor receptors. Because of their short half-life, they must be administered by continu- 
ous intravenous (iv) infusion. Furthermore, their highly negative charge and high molecular- 
weight impede their penetration of the intact BBB ( 13 ). 

Small Molecule Inhibitors of Protein Signaling 

Small molecule inhibitors of protein signaling pathways, which will be the focus of this 
chapter, are low-molecular- weight, non-immunogenic compounds designed to interfere with 
the growth and invasion of neoplastic cells ( 5 ). SMDs can be engineered to attack specific 
targets of choice. Small molecule inhibitors of signal transduction target the three distinct 
levels of cell signal transduction: the input layer, composed of ligands (e.g., growth factors); 
the receptor level (e.g. , EGFR) ; and the output level, composed of secondary signaling events 
(e.g., Ras/Raf/MEK/MAPK pathway). Other SMDs target matrix metalloproteinases, 
proteasomes, as well as pro-apoptotic and anti-apoptotic proteins. Because of their small 
size, these drugs have a theoretical advantage over their traditional large molecule counter- 
parts because of more effective penetration into cells and tissues. The most extensively 
studied SMDs have been the quinazolines or pyrazolo/pyrrolo/pyrido pyrimidines, which 
compete with adenosine triphosphate (ATP) for binding to the intracellular domain of growth 
factor receptors (“adenine mimicry”) and thus block their activation and subsequent signal 
transduction ( 2 , 16 ). 
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TARGETING STRATEGIES 

Cellular targets for cancer therapy may be divided into four broad categories: 

1. Growth factors (mitogens) and their receptors, such as EGF/EGFR, PDGF/PDGFR. and VEGF/ 

VEGFR. Rationales for the targeting of these factors include: 

a. These factors modulate cell division, proliferation and differentiation. 

b. Their receptors are overexpressed on tumor cells. 

c. The structure of these targets is known and they can be manipulated genetically or chemi- 
cally in order to improve binding affinity, reduce immune complications, and disrupt the 
molecular pathways they normally employ (5). 

2. Signal transduction cascades, such as the Ras/Raf/MEK/MAPK and PI3K/Akt pathways. 

3. Cell cycle control molecules and modulators of apoptosis such as INK4a (inhibitor of CDK4), 

CDK4, pRB, Arf, MDM-2, p53, the proteasome, and the pro- and anti-apoptotic proteins (17). 

4. Invasion factors, such as matrix metalloproteinases. 

HER-Kinase (EGFR) Axis 

The HER (human EGF-like receptors) kinase axis includes EGFR (HER1), HER2, HER3, 
and HER4. The EGF receptor seems to be the most implicated in the genesis of cancers, 
including HGG (7,9). In fact, the most common gene amplification event in high-grade astro- 
cytomas involve the EGFR gene (9). Interaction of this receptor with its ligands (EGF, TGF- 
a, (3-celluline, neuregulins, heregulins) activates downstream pathways including Ras/Raf/ 
MEK/MAPK, PI3K/Akt (PKB), PLC-y/PKC, JAK-STAT pathways and Src, She, Grb2, and 
Stress-activated protein kinases (2,7,9). Activation can aso occur in a ligand-independent 
fashion in the setting of certain EGFR mutations or with high-level wild-type receptor over- 
expression. This activation results in stimulation of transcriptionl processes to accelerate cell 
division, resist apoptosis, cause tumor invasion, and promote angiogenesis (7). 

EGFR has been studied extensively in many types of cancer including gliomas. There is 
amplification of wild-type EGFR in 40 to 50% of de novo (primary) GBMs (1,2,18,19). This 
results in increased membrane density of EGFR and inappropriate activation of its signaling 
pathway. Higher-grade tumors have a higher level of EGFR expression (5). In addition, these 
tumors may simultaneously secrete ligand for EGFR (EGF and TGF-a), resulting in autocrine 
and paracrine loops, which affect the secreting tumor cell, surrounding tumor cells, and other 
neighboring cells (4,19). EGFRvIII (AEGFR) is a mutant form of the receptor caused by an 
in-frame deletion of exons 2 to 7 in its mRNA (1,4,17). This results in truncation of the 
extracellular domain, resulting in a fragment which can no longer bind ligand (9,19). This 
molecule is constitutively phosphorylated, and has continuous low-level kinase activity (18, 
19). It also has an extended half-life and is invulnerable to downregulation by the endosome- 
lysosome pathway (1). AEGFR is present in 67% of EGFR-positive gliomas (2,5,20). There 
are also other mutant forms of EGFR with abnormally increased receptor activity (2). Con- 
stitutive kinase activity of AEGFR causes increased activity of Ras protein, constitutively 
active levels of PI3 K, and c- Jun N -terminal kinase (a stress-activated protein kinase belonging 
to the MAPK family), and upregulation of Bcl-xL (anti-apoptotic factor) expression, which 
protects neoplastic cells from apoptosis (1,2,18,21). The c-jun N-terminal kinase pathway 
may be important in GBM cell migration and motility (9). Moreover, tumor cells with EGFR 
mutations demonstrate upregulation of matrix metalloproteinases and serine proteases. These 
cells are consequently more invasive with increased cell scatter, motility, and infiltrative 
capacities (2). Presence of AEGFR seems to be associated with worse prognosis, including 
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shorter time to progression and shorter overall survival (22). In addition, upregulation of 
EGFR activity interferes with cytotoxic treatments (7). 

Interestingly, EGFR activity may also mediate radiation resistance in gliomas (4). Re- 
sponse of GBM to radiation therapy is inversely proportional to EGFR immunoreactivity 

(23) . Radiation exposure causes phosphorylation and activation of EGFR as if by ligand, 
which results in activation of downstream kinases that inhibit apoptotic response (e.g., 
MAPK, Akt). In addition, Rao and colleagues have shown that transfection of human glioma 
cell lines with dominant negative EGFR mutants causes radiosensitization (4). Inhibition of 
EGFR by C225 anti-EGFR MAb or by Cl- 1033 tyrosine kinase inhibitor also sensitizes cells 
to radiation (4). 

Small molecule inhibitors of EGFR compete with ATP for binding to the intracellular 
tyrosine kinase domain of the EGFR receptor (2). Gefitinib (Iressa, ZD 1839) and erlotinib 
(Tarceva, OSI-774, CP-358, 774) are examples of these specific, reversible EGFR inhibitors 

(24) . Gefitinib has shown efficacy (increased median survival) in several human tumor 
xenograft models with or without upregulation of EGFR signaling (2,25,26). Clinical antitu- 
mor efficacy has been demonstrated using gefitinib as single-agent therapy in patients with 
advanced cancers (26). Erlotinib causes cell cycle arrest and apoptosis in multiple cell types 
(26,27). In human tumor xenografts, it inhibits EGFR-specific tyrosine phosphorylation and 
growth inhibition and regression (26). Erlotinib also has additive or “supra-additive” effects 
in vivo in combination with standard cytotoxic agents and irradiation, without increased 
toxicity (7,26). CI-1033 (PD183805) is an irreversible inhibitor of EGFR (24). It inhibits 
human tumor xenografts with weekly instead of daily dosing. A single dose eliminated EGFR 
phosphorylation in tumor cells for more than 72 h. It also has favorable effects when combined 
with cytotoxic agents (26). 

PDGFR 

PDGF-a and PDGF-(3 are the two isotypes of PDGF receptors. Binding of ligand (PDGF- 
A, PDGF-B, PDGF-C, PDGF-D) to these receptors results in activation of multiple second 
messengers such as Src, She, Grb2, Nek, PasGAP, PI3K, Janus kinases (JAK), signal trans- 
ducers and activators of transcription (STATs), and phospholipase C (PFC)-y (2,9). These 
signaling cascades result in tumor cell proliferation and in angiogenesis. PLC-y seems to be 
equally involved in tumor cell migration (9). 

The PDGFR gene is overexpressed in many gliomas, especially in oligodendrogliomas 
(17). All four PDGF ligands are expressed in gliomas (10). In addition, glial tumors co-express 
PDGFR and its ligand, PDGF (7,18,19,28-33). Overexpression is most pronounced in malig- 
nant tumors (1). There have been no identified rearrangements or amplification of the PDGF 
or PDGFR genes. This fact points to a possible autocrine growth-stimulatory loop for their role 
in neoplasia, as described for EGFR ( 1,5,16,18,34 ). Activation of PDGFR stimulates Ras, 
MAPK, and Akt(PKB) pathways, resulting in cell proliferation, resistance to apoptosis, cel- 
lular motility, and angiogenesis (10). PDGF-A is expressed in tumor cells, which coexpress 
PDGFR-a. In contrast, PDGF-B is expressed by hyperplastic glioma endothelial cells which 
coexpress PDGFR-(3 (19,29,30,35). This finding suggests that PDGF-A and PDGFR-a par- 
ticipate in tumor cell proliferation, whereas PDGF-B and PDGFR-(3 participate in angiogen- 
esis (1 9, 28, 29, 36, 3 7) . The mechanism for promotion of angiogenesis by PDGF may be through 
induction of VEGF-A expression during neo-angiogenesis (16,38). Evidence that PDGF 
autocrine stimulation results in glioma formation in neonatal mice further supports the role of 
PDGF signaling pathways in gliomagenesis (39). 
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Transfection of dominant negative mutants of PDGF ligand has been shown to reverse the 
malignant phenotype in human glioma cell lines (4). Insertion of truncated, inactive PDGFR- 
(3 into rat glioma cells decreases their growth rate (4). Anti-PDGF treatment (e.g., MAbs and 
suramin or trapidil) decreases malignancy of glioma cells by decreasing DNA synthesis, 
inhibiting tumor colony growth, and reversing the transformed phenotype (40,41). 

Small molecule inhibitors of PDGFR are also ATP-competitive inhibitors for the tyrosine 
kinase domain of the receptor. Leflunomide (SU 101) has been shown to block entry of PDGF- 
stimulated cells into the ,S'- phase and to inhibit growth of intracerebral glioma xenografts (1). 
Imatinib mesylate (Gleevec, STI-571) is a bcr-Abl and c-kit inhibitor, which is also highly 
active against PDGFR. It has been used clinically for the treatment of chronic myeloid leu- 
kemia with excellent results (26,42-44). Treatment of glioma cell lines which have PDGF- 
mediated autocrine growth properties inhibits their growth in vitro (2,4,5). It also inhibits 
growth of GBM xenografts in an in vivo model of brain tumors (3,42,45). 

VEGFR 

Another targeting strategy consists of blocking neoangiogenesis, a process essential to 
tumor proliferation, particularly in gliomas, which are reputed for their microvascular prolif- 
eration (16). Interest in this strategy stems from: 

1. The ease of drug delivery to endothelial cells and pericytes in tumor-associated vessels. 

2. The expression of several growth factor receptors in tumor vasculature, in distinction to normal 
vessels, which allows for specific targeting of tumor-related cells. 

3. The stability of genomes in these non-transformed cells (which decreases the likelihood of 
development of resistance). 

4. The indirect control of tumor cell growth independent of tumor growth fraction and hetero- 
geneity. 

5. The amplification effect (since each capillary network may supply hundreds of tumor cells). 

6. Minimal toxicity to the host (5,10,46,47). 

Angiogenesis is regulated by three principal mechanisms: (1) integrin-mediated signaling, 
(2) cell surface interactions between integrins and matrix metalloproteinases, and (3) the VEGF/ 
VEGFR tyrosine kinase pathway (16). The most important of these is the VEGF/VEGFR 
pathway, which is also involved in the regulation of lymphangiogenesis, vascular permea- 
bility, and inflammation (16). 

There are three types of VEGF receptors: VEGFR-1 iflt-1), VEGFR-2 (Flk-1, KDR), and 
VEGFR-3 (Flt-4). VEGFR-2 (KDR) is the primary subtype through which VEGFs exert 
their mitogenic, chemotactic, and vascular permeabilizing effects (26,44,48-50). VEGFR 
is expressed in hyperplastic endothelial cells in GBM, but not in normal brain endothelium 
(19). VEGFRs are activated by interaction with their ligands VEGF-A,-B, -C, and -D. 
VEGF-A and-B are implicated in hemangiogenesis and types-C and -D in lymphangiogen- 
esis (16,44). VEGFR uses many of the same signaling pathways as EGFR, EGFRvIII, and 
PDGFR (i.e., PI3K/Akt, Ras/MAPK and PLC/PKC) to modulate nuclear transcription fac- 
tors (7). 

VEGFR-1 and -2 are upregulated in a tumor stage-specific manner in glioma endothelial 
cells; the highest levels are found in GBM, particularly in regions of cell palisading (3,5, 
10). VEGF itself is expressed in low levels in normal brain and levels are increased in propor- 
tion to tumor grade (5,7,19). Upregulation of VEGF expression may occur via EGFR upregu- 
lation or PTEN mutations, two abnormalities that are common in GBM. In particular, VEGF-A 
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is overexpressed by gliomas; its level of expression correlates directly with vascularity and 
grade of the tumor and indirectly with prognosis (16). It stimulates endothelial cell prolifera- 
tion through its effect on the Raf/MEK/MAPK pathway. Endothelial cell survival is promoted 
by activation of PI3K/AKT (PKB). 

PTK787 is an anilinophthalazine small molecule inhibitor of all three VEGFRs, which 
also has inhibitory effects on PDGFR-(3 and c-kit (26). It has been shown to inhibit VEGFR- 
2 autophosphorylation, therefore inducing endothelial cell apoptosis and decreasing density 
of tumor microvessels in animal models (51,52). Semaxanib (SU5416) is a quinazoline 
selective inhibitor of VEGFR-1,-2, and-3, as well as of c-Kit and flt-3 kinases and PDGFR 
(3,26,53). It has been shown to inhibit endothelial cell proliferation as well as growth of 
glioma xenografts (3,54). ZD6474 is another quinazoline that inhibits VEGFR-2 (49). 
ZD4190 is a quinazoline that inhibits VEGFR-2 and flt-1. It inhibits capillary invasion of 
cartilage and growth of human tumor xenografts (50). All of these VEGFR inhibitors are 
ATP-competitive and bind to the ATP pocket of the receptor ’ s kinase domain, thus inhibiting 
its activation (46). 

It is thought that VEGFR inhibitors may also reduce radioresistance in malignant cells by 
inhibiting the endothelial rise in VEGF-A that is the normal response to radiation exposure 
(16). Combined treatment of U87 glioma cell lines with radiation and anti-VEGF antibody 
resulted in supra-additive effects in one study (55). Another study showed that combined 
radiotherapy with SU5416 caused enhanced apoptosis of endothelial cells and reversal of 
radioresistance in a GL261 GBM model (56). An additional rationale for the use of VEGFR 
inhibitors in combination with cytotoxic therapy is that glioma neovessels are abnormally 
permeable and are unable to maintain normal gradients between vascular and interstitial 
pressures, leading to interstitial hypertension (57). This causes impaired flow of oxygen and 
of other molecule. Normalization of vessels with anti-angiogenic therapy could theoretically 
restore normal flow dynamics for better delivery of oxygen and of cytotoxic drugs, resulting 
in potentiation of radiotherapy and chemotherapy (57,58). 

P13KJAKT Inhibitors 

Phosphatidylinositol 3-kinase (PI3K) is activated by growth factor receptors including 
EGFR, AEGFR, PDGFR, and VEGFR. It generates second messengers PIP2 and PIP3, which 
in turn activate Akt(PKB) and PKC (1,8,17). Akt activates mTOR and p70S6 kinase, which 
promote cell cycling and transcription. Akt also activates the FKHR (forkhead) transcription 
factor, endothelial nitric oxide synthase, and BAD, which promote angiogenesis, DNA repair, 
and apoptosis (59,60). It also stabilizes cyclin D by inhibition of glycogen synthase kinase- 
3, which promotes cell proliferation (60). 

Seventy to 90% of GBM have LOH of chromosome lOq, which is the site of PTEN, a dual- 
specific phosphatase which acts in opposition to PI3K by dephosphorylating PIP2 and PIP3 
(1,7,9,17,18). Loss of ah or part of chromosome 10 is the most common genetic change 
observed in GBM, and is seen with increased frequency with increasing tumor grade (1,18). 
PTEN -deficient glioma cells have increased PIP3 levels, which activate the Akt-mediated cell 
growth and survival pathway and contribute to chemotherapy resistance (61,62). Eighty per- 
cent of human GBM express activated Akt (9). This is likely caused both by loss of functional 
PTEN and by overexpression of EGFR (9,17,18). 

2-(4-Morpholinyl)-8-phenylchromone (LY294002) is a specific inhibitor of PI3K, which 
induces growth inhibition through apoptosis and/or G1 arrest in carcinoma cells in vitro and 
in vivo (63-67). It also suppresses attachment, migration and invasiveness and increases 
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susceptibility to anticancer drugs ( 60 , 68 - 71 ). LY294002 was shown to induce G1 cell-cycle 
arrest in U87MG cells and cause apoptosis in four tested malignant cell lines ( 60 , 72 ). It also 
enhances cytotoxicity induced by etoposide, BCNU, and cisplatin in human malignant glioma 
cells in vitro ( 60 ) . However, there has been no association demonstrated between PTEN status 
and response to LY294002 ( 60 ). 

Other strategies to downregulate the PI3K pathway have targeted downstream molecules. 
PKC inhibitors include calphostin, byrostatin, and staurosporine. Akt inhibitors have been 
difficult to develop but are being actively studied ( 73 ). MTOR inhibitors and CDK inhibitors 
are discussed in the following sections. 

MTOR Inhibitors 

Mammalian target of rapamycin (MTOR) is a non-receptor kinase that is a downstream 
target of the PI3K and Akt pathways ( 74 ). It functions as a regulator of translation through 
regulation of S6K1 protein and 4E-BPs (eukaryotic initiation factor 4E (eIF4E) binding pro- 
teins) ( 7 , 74 , 75 ). 4E-BPs promote translation of mRNAs encoding cyclin D1 and ornithine 
decarboxylase ( 74 ). The MTOR pathway also regulates translation initiation of survival fac- 
tors (c-MYC, hypoxia-inducible factor la, and VEGF) ( 74 ). It also regulates cyclin A, CDK 
1/2, CDKIs (p2 ICip 1 and p27Kip 1 ), Rb protein, RNA polymerases, and protein phosphatases 
PP2A, PP4, and PP6 ( 74 ). It therefore plays a crucial role in the control of cell growth, size, 
proliferation, and survival. So far, no activating mutations or overexpression have been dem- 
onstrated as primary events in transformation. However, activation of signaling pathways 
proximal and distal to MTOR is frequently seen ( 74 ). For example, with loss of PTEN, there 
is constitutive activation of Akt and subsequent upregulation of MTOR pathways ( 12 , 74 ). As 
explained above, abnormalities in growth factor receptors EGFR and PDGFR are known to 
be present in GBM and cause upregulation of this pathway. 

Rapamycin forms a complex with immunophilin FKB12, which binds to MTOR and 
inhibits its kinase activity. It generally has a cytostatic effect, causing cell arrest in G1 ( 74 ). 
CCI-779 is an ester analog of rapamycin which has the same mechanism of action and also 
inhibits the Gl-S transition. ( 7 , 74 , 75 ). Both of these molecules inhibit GBM in cell culture 
and in xenograft models ( 3 , 76 ). Rapamycin can also induce apoptosis, although this is not 
thought to be its primary mechanism of action ( 7 ). PDGF stimulation of GBM line T98G 
was inhibited by treatment with CCI-779 ( 77 ). In addition, PTEN deletion is associated with 
increased sensitivity to CCI-779, which is promising for the treatment of GBM, which, as 
mentioned previously, have a high frequency of this mutation ( 3 , 7 , 74 - 76 ). CCI-779 also 
induces apoptosis under certain conditions. This fate may be decided by p53 tumor suppres- 
sor status of the cell (i.e., apoptosis may be induced in the absence of functional p53) ( 74 ). 
Treatment of p53-mutant cells with MTOR inhibitors causes activation of ASK1 (apoptosis 
signal-regulating kinase 1), which leads to sustained activation of c-JUN and subsequent 
apoptosis ( 74 ). 


RAS Inhibitors 

Ras is a family composed of four isoforms of small membrane-associated GTPases, which 
transmit signals from growth factor receptors (e.g., EGFR, EGFRvIII, PDGFR, FGF, IGF-1, 
TGF-a, IL-2, and IL-3) ( 2 , 59 ). They enhance cell proliferation, differentiation, survival, 
transformation, and angiogenesis ( 59 , 78 ). Ras is synthesized as proRas, an inert cytosolic 
propeptide, which must be modified by post-translational addition of a farnesyl group to the 
C-terminal amino acid group by the enzyme farnesyl transferase (FTase) ( 59 ). This allows Ras 
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to attach to the plasma membrane, where it is active. Ras is situated at a “hub” of intracellular 
signaling pathways: many external signals converge to activate it, and its activation in turn 
initiates several signaling cascades (59). One of these is the Ras/Raf/MEK/ERK pathway, 
which is critical for cell proliferation and tumor invasion. Another is the MAPK pathway, 
which activates the E2F transcription factor. The overall outcome of Ras signaling is to 
promote cell-cycle progression beyond the Gl/S restriction point (3). Ras or MAPK signaling 
is also known to result in expression of intermediate-early genes that are rapidly and tran- 
siently expressed by modification of pre-existing factors, and have a role in the G0-G1 phase 
of the cell cycle. These include ternary complex factor, serum response factor (SRF), c-JUN, 
c-fos, and the AP-1 transcription factor (59). Inhibition of Ras causes cell-cycle arrest in G1 
and prevents exit of growth factor-stimulated cells from GO (59). Thirty percent of all human 
cancers have at least one mutation of the Ras gene. 

GBM do not have actual Ras mutations, but can have constitutive activation through aberrant 
EGFR, AEGFR, PDGFR, FGFR, and IGF-1R signaling (1-3,9,11). This leads to increased 
activation of CDK-4/cyclin D, resulting in transition to 5-phase and mitosis (9). This is the 
rationale for therapeutic targeting of Ras. 

Farnesyltransferase inhibitors (FTIs) impair processing of proRas and thus block Ras- 
mediated signaling. They also prevent anchorage-independent growth, cytoskeletal alter- 
ations, and morphological transformation of cells in vitro (2). L-744, 832 causes decreased 
5-phase entry and accumulation of cells in G2/M as well as induction of pro-apoptotic proteins 
Bax and Bak (1 ). Lonafarnib (SCH66336) inhibits viability, anchorage-independent growth, 
and cell cycling in glioma cell lines (3, 79). It also decreases in vitro proliferation of astrocytic 
cell lines with arrest in G1 or G2-M, and inhibits the growth of xenograft models (3, 7, 78). In 
addition, lonafarnib has a synergistic effect with certain cytotoxic drugs and with imatinib 
mesylate (3). Tipifarnib (R1 15777) radiosensitizes glioma cell lines in vitro (81). EGFR 
overexpression may be associated with increased sensitivity to FTIs (73). 

It is interesting to note that tumors with endogenous Ras activation are more radioresistant 
(4,82-84). Inhibition of Ras in these cells by the FTI tipifarnib (R1 15777) sensitizes them to 
the cytotoxic effects of radiation in vitro and in vivo (4,7). Fovastatin, which also inhibits Ras 
farnesylation and inhibits cell proliferation and migration, has also been shown to sensitize 
tumor cells to radiation (4). 


RAF 

The Raf kinase family is composed of ARAF, BRAF, and Raf-1 (c-Raf). Raf is a down- 
stream effector of Ras signaling (Ras/Raf/MAPK(ERK) (78). Raf kinase is at the head of 
several protein kinase signaling cascades, and initiates a signaling cascade which ultimately 
leads to activation of nuclear factors and expression of cell-growth -promoting genes (59). The 
Raf pathway also suppresses integrin expression, which may relate to decreased cell-matrix 
adhesion and increased metastatic potential (59). BRAF and Raf-1 have also been implicated 
in endothelial cell survival (85-87). 

In gliomas, overexpression of the EGFR, PDGFR, and PDGFR RTKs upregulates the Ras/ 
Raf pathway, as previously mentioned. BAY 43-9006 is an inhibitor of Raf- 1 both in vitro and 
in vivo (78). It has also been shown to inhibit BRAF, VEGFRs-2 and-3, and PDGFR-(3. It 
targets tumor cell proliferation and tumor angiogenesis (87). BAY 43-9006 has been shown 
to inhibit Raf-1 and in vitro tumor cell proliferation, as well as xenograft tumor growth (87— 
89). It has an effect on angiogenesis as well, with both decreased tumor microvessel area and 
microvessel density in treated tumor (non-glioma) xenografts (87). 
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CDK Inhibitors 

Cell-cycle transition is regulated by two main clases of regulatory molecules: (1) cyclin- 
dependent kinases (CDKs) (e.g., cdk4 and cdk6), which phosphorylate other proteins in order 
to activate or inactivate them, and (2) phosphatases, which dephosphorylate proteins. CDKs 
are themselves regulated by two classes of molecules. Cyclins (e.g., D-cyclins) activate them 
and thus facilitate GO-to-Gl and Gl-to-S transitions. Cyclin-dependent kinase inhibitors 
(CKIs) (e.g., INK4 [inhibitors of cdk4] proteins) perform opposite functions. An example of 
such a regulatory circuit is the retinoblastoma protein (pRB). Hypophosphorylated pRB 
binds to the E2F family of transcription factors, and prevents activation of genes for entry 
into S-phase ( 1 7 ). Cdk4 or cdk6 phosphorylate pRB, resulting in release of E2F proteins and 
increased transcription of genes for DNA synthesis (dihydrofolate reductase, thymidine kinase, 
thymidylate synthase, and DNA polymerase-a). 

A small but significant percentage of high-grade astrocytomas have CDK4 amplifications 
which seem to favor proliferation of astrocytes and diminish apoptosis ( 18 ). 

Flavopiridol (NSC 649890, L86-8275,HMR 1275) inhibits CDKs 1,2, and 4, producing cell- 
cycle arrest at Gl/S and G2/M checkpoints and enhances caspase-mediated apoptosis induced 
by cytotoxic agents ( 1 1 , 90 - 92 ) . Other CDK inhibitors include UCN-01 (7-hydroxy- 
staurosporine, NSC 638850, KW-2401), CTC202 (R-roscovitine, Cyclacel), andBMS-387032. 

Matrix Metalloproteinase Inhibitors 

Metalloproteinases include matrix metalloproteinases (MMPs), adamalysin-like proteinases 
with both metalloproteinase and disintegrin-like domains, and astacins. They are enzymes that 
exist in secreted and membrane-bound forms and function extracellularly ( 5 ). They are involved 
in proteolytic degradation or activation of cell surface and extracellular-matrix proteins, base- 
ment membranes, growth factors, and adhesion molecules, thus enhancing or reducing their 
biological effects and modulating cell-cell and cell-extracellular matrix interactions ( 3 , 5 ). 
MMPs influence cell differentiation, migration, proliferation, and survival ( 93 ). Under normal 
physiological conditions, endogenous tissue inhibitors of metalloproteinases (TIMPs) and 
MMPs exist in a balance that prevents overactivity of MMPs ( 7 , 93 ). 

MMPs are implicated in tumor growth, invasion, extravasation into distant sites, and an- 
giogenesis ( 7 ). MMP expression, in particular MMP-2 and -9, is increased in most cancers, 
including gliomas ( 3 , 7 ). 

The goal of MMP inhibition is to alter the balance of metalloproteinases to TIMPs in order 
to limit the tissue invasion and neovascularization required for tumor growth. Studies have 
shown that upregulation of TIMPs or or downregulation of MMP-9 inhibits tumor growth and 
invasion ( 7 ). The most well studied MMP inhibitor (MMPI) to date is marimastat (MRM, BB- 
251), a synthetic pseudo-peptide that mimics structural components of MMP substrates and 
chelates the Zn 2+ ion at the active site of MMPs ( 3 , 7 ). In vitro studies have shown cytostatic 
effects ( 7 ). Animal models have shown efficacy in preventing growth and vascularization of 
pre-malignant tumors, with relative lack of effect for advanced cases ( 93 ). Most clinical trials 
have not shown survival benefit for GBM patients ( 7 ). However, most of these trials have been 
of single-agent therapy for patients with advanced cancers ( 93 ). One trial that looked at MRM 
in combination with temozolamide showed a 6-mo progression-free survival of 39%, com- 
pared with 18 to 21% with temozolamide alone ( 7 ). Survival benefits have been shown with 
MRM in phase II trials with advanced pancreatic cancer and phase III trials with gastric cancer 
( 94 , 95 ). Prinomastat (AG3340) is a lipophilic MMPI, which crosses the BBB, making it 
promising for the treatment of glioma ( 3 ). 
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The proteasome is an enzyme complex expressed in the nucleus and cytoplasm of all 
eukaryotic cells (96). It is the primary component of the fundamental protein degradation 
pathway of the cell and functions to degrade proteins such as signaling molecules, tumor 
suppressors, cell-cycle regulators, transcription factors, inhibitory molecules, and anti-apop- 
totic proteins (3,97). Proteasome inhibition interferes with the ordered degradation of cell- 
cycle proteins including p53, mdm2, p21, p27, Rb, cyclins A, B, and E, IkB, NF-kB, Bcl-2, 
Bax, and caspase-3 (3,96). Complete blockade of proteasome activity induces apoptosis, 
possibly through altered ratios of anti-apoptotic to pro-apoptotic proteins, with transformed 
cells being much more sensitive than quiescent or differentiated cells (96-99). 

The proteasome is intimately involved in mechanisms of carcinogenesis and of metastasis, 
including cell-cycle regulation, apoptosis, and angiogenesis (100). It plays a direct role by 
degrading cell-cycle regulatory proteins and an indirect role by regulation the availability of 
transcriptional activators such as NF-kB (100). 

Preclinical studies have shown selective cytotoxicity towards transformed cells, additive 
effects with other antineoplastic therapies, sensitization of cells to radiotherapy and to che- 
motherapy, and apoptosis induction in Bcl-2 overexpressing cells (100). 

Bortezomib (PS-341, Velcade) is a low-molecular- weight drug that has shown potent 
anticancer activity in vitro through inhibition of proteolysis of long-lived proteins, inhibition 
of cell growth with arrest in G2-M, and induction of apoptosis (3,97,101). Its mechanism of 
action is linked to blockage of NF-kB, which is constitutively activated in certain cancers, 
causing increased tumor cell survival and decreased efficacy of anticancer therapy. In normal 
situations, NF-kB is bound to the IkB inhibitory protein, which renders it inactive and seques- 
ters it in the cytoplasm (96,100). In stress situations (including chemotherapy and radiation- 
induced stress), IkB is degraded by the proteasome, which permits translocation of NF-kB to 
the nucleus where it initiates transcription of genes encoding stress-response enzymes, cell- 
adhesion molecules, pro-inflammatory cytokines, and anti-apoptotic proteins such as Bcl-2 
(96,98,100). Many types of cancer have constitutive activation of NF-kB, which leads to drug 
resistance (99,102). Furthermore, it has been shown that NF-kB has a consensus binding site 
in the first intron of the human mdrl gene, where NF-kB complexes bind and may regulate 
gene expression and subsequent drug resistance (103). Proteasome inhibition blocks chemo- 
therapy-induced activation of NF-kB in vitro, resulting in increased chemosensitivity and 
increased apoptosis in mice tumor xenografts (104). It also increases radiation-induced 
apopotosis (1 05). This suggests that NF-kB activity inducedby chemotherapy or radiotherapy- 
related stress is downregulated by proteasome inhibition, which are findings that may provide 
a rationale for combination therapy (99). 

Inhibitors of Bcl-2 Family 

A relatively new area of development in SMIs involves targeting of the Bcl-2 family of pro- 
apoptotic and anti-apoptotic proteins. Proteins in this family include the Bax, Bak, Bid, and 
Bad pro-apoptotic proteins, as well as the Bcl-2 and Bcl-XF anti-apoptotic proteins. Bcl-2 and 
Bcl-XF have BH1 (Bcl-2 homology-1), BH2, and BH3 domains, which form a hydrophobic 
binding pocket into which the Bax, Bak, Bid, or Bad BH3 domains bind to form heterodimers 
(106). Most conventional chemotherapeutic regimens target DNA integrity or replication, 
with the aim of triggering apoptosis. However, most human cancers overexpress Bcl-2, Bcl- 
XF, or both. These molecules function at the mitochondrial level by preventing the release of 
cytochrome C and subsequent initiation of the caspase cascade and apoptosis. Overexpression 
of these proteins renders cells resistant to chemotherapy and radiation (106). Furthermore, 
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whereas Bcl-2 and Bcl-XL are overexpressed in cancer cells, only low levels are found in 
normal cells (106). This suggests that cancer cells may be dependent on these proteins for 
survival, whereas normal cells are not. Therefore, this type of targeted therapy may be expected 
to have good specificity and decreased side effects. 

There is upregulation of Bcl-2 expression in multinucleated giant cells of otherwise Bcl-2 
negative GBMs, in reactive astrocytes, and in proliferating capillary endothelial cells of malig- 
nant astrocytomas (15). Bcl-2 expression increases with increasing grade of tumor. Overpro- 
duction of Bcl-2 also seems to be associated with resistance to chemotherapy (15). Human 
GBM and oligodendroglioma-derived cell lysates have increased expression of both Bcl-2 
and Bcl-xL compared with non-neoplastic glial cells (1 07,108). Furthermore, downregulation 
of these molecules by antisense oligonucleotides causes cell death, which is mediated by 
caspase 6 and caspase 7 (15,108,109). Exposure of oligodendroglioma cell lines to BCNU 
causes downregulation of Bcl-xL and Bcl-2, which is correlated with increased cell death 
(107). Nevertheless, the role of Bcl-2 in the pathogenesis and progression of glial tumors has 
yet to be demonstrated (15). Bcl-xL has been implicated in resistance to cisplatin in EGFRvIII- 
expressing GBM cells (105). 

One of the molecules studied to date is HA14-1, which competitively binds to Bcl-2 and 
inhibits binding to Bak (106). It has been shown to produce apoptosis in human acute myelog- 
enous leukemia cells overexpressing Bcl-2, with decreased mitochondrial membrane potential 
and activation of caspases 9 and 3. Unfortunately, the molecules studied to date have only 
moderate binding affinity to Bcl-2 and Bcl-XL, and their limited inhibition of cell growth has 
impeded their clinical applicability (1 06). 

FUTURE DIRECTIONS: ISSUES FACED 
BY SMALL MOLECULE DRUGS FOR BRAIN TUMORS 

Reversible vs Irreversible SMIs 

As mentioned in the discussion of EGFR inhibitors, SMIs may be either reversible or 
irreversible in their binding to target. Reversible inhibition (e.g., gefitinib, erlotinib) leads to 
a need to maintain plasma concentrations at high levels for long periods (10,26). In contrast, 
irreversible inhibitors (e.g., Cl- 1033) are less likely to require prolonged exposure to drug and 
their “absolute finality” may prove advantageous for antitumor efficacy (10,26,1 10). It is not 
clear, yet, whether irreversible inhibitors will have the same toxicity profile as exhibited by 
the reversible inhibitors. 


Promiscuity vs Specificity 

The signaling pathways previously described are, in reality, not linear; there exists signifi- 
cant cross-communication, convergence, and divergence between many of them. Thus, inhi- 
bition of one pathway at a single level may be compensated by the activity of related, parallel 
pathways, thereby producing decreased therapeutic efficacy. In addition, unlike many hema- 
tologic malignancies, gliomas are characterized by multiple genetic abnormalities, as well as 
by a heterogeneous cell population. By contrast, chronic myelogenous leukemia (CML) is a 
disease caused by a single genetic abnormality, which produces the Bcr-Abl fusion gene/ 
protein responsible for driving this form of cancer. In this situation, single-agent targeted 
therapy with the Bcr-Abl inhibitor imatinib (Gleevec) has shown excellent results (26). 

These considerations have lead to the dilemma of balancing specificity of therapeutic 
molecules and “ promiscuity Should targeted therapies be engineered for extreme specificity 
for one kinase or, rather, to affect other related kinases for more widespread effects (10)1 The 
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second option could theoretically entail increased efficacy against tumor cells at the expense 
of a greater impact on normal cell populations and increased systemic toxicity (10). 

Blood-Brain Barrier 

Drug delivery to the brain has been a great challenge in neuro-oncology because of several 
physiological barriers to the CNS penetration of systemically delivered molecules. These 
barriers include the BBB, the blood-cerebrospinal barrier (BCSFB), and the blood-tumor 
barrier (BTB). 

The first and most well known barrier is the BBB, which is composed of brain capillary 
endothelial cells and astrocytic foot processes (10,111). Its 5000-fold greater surface area than 
the BCSF barrier makes it the principal source for uptake of substances into the CNS paren- 
chyma (1 12,113). The endothelial layer is characterized by tight junctions, large amounts of 
degradative enzymes and mitochondria, as well as high concentrations of P-glycoprotein, a 
drug efflux transporter protein in the luminal membrane of these cells which actively removes 
the drug before its entry into the brain (113,114). Brain capillaries also lack intercellular clefts, 
fenestrae, and pinocytotic vesicles (113,114). 

The BCSFB is formed by the choroid epithelium and the arachnoid membrane, which are 
again joined by tight junctions. Choroid plexus capillaries, however, do not contain tight 
junctions (111,114). 

The BBB and BCSFB are further aided by efflux transport systems that actively eliminate 
drugs (112). The ABC transporters are characterized by a cytoplasmically located ATP- 
binding cassette (which acts as a catalytic domain for ATP hydrolysis) and by unidirectional 
efflux to the outside of cells (115). Fluman P-glycoprotein (P-gp) and the multi drug resistance- 
associated protein- 1 (MRP 1 ) are members of this family. P-gp exists in the brain as the product 
of the MDR 1 gene. It is a transporter with broad substrate specificity for molecules (e.g. , vinca 
alkaloids, etoposide, methotrexate, rapamycin, glucocorticoids, and phemytoin). The MDR 
phenotype allows a cancer cell exposed to a single agent to become simultaneously resistant 
to both that drug and to other drugs of unrelated structure or function. P-gp is expressed on the 
luminal membrane of brain capillary endothelial cells in the BBB and sub-apically on choroid 
epithelial cells in the BCSFB, where it actually transports in an opposite direction than in the 
BBB (i.e., towards the CSF) (111). P-gp is present in malignant brain tumor and associated 
endothelial cells, and its expression level increases with tumor grade (113). MRP1 is an 
organic anion transporter that transports anionic drugs as well as neutral drugs conjugated to 
acidic ligands and confers mutlidrug resistance to doxorubicin, daunorubicin, epirubucin, 
vincristine, and etoposide (112). It also confers resistance to methotrexate (113). MRP is 
expressed on the basal membrane of choroid plexus, but its presence on the BBB has not yet 
been established (1 12, 1 1 3) . It is likely involved in the elimination of harmful compounds from 
the CSF (111,113). MRP mRNA levels are associated with the degree of cellular resistance 
to etoposide, adriamycin, and vincristine in in vitro glioma cells. MRP1 expression, like P-gp 
expression is increased with tumor grade (1 11). 

The BTB is assumed by many clinicians to be “open” as demonstrated by the uptake of 
intravenous contrast agents on computed tomography (CT) or magnetic resonance imaging 
(MRI). However, this is a misconception; there remains a barrier to the transport of many 
therapeutic compounds into brain tumors, as evidenced by the low concentrations found for 
most chemotherapeutic agents in brain tumors (111). BBB breakdown associated with malig- 
nant tumors is typically local and heterogeneous (10,1 14). In addition, despite morphological 
abnormalities in inter-endothelial tight j unctions and increased number of pinocytotic vesicles 
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in glioma-associated vessels, tight junctions have been shown to be present, fenestrations are 
rare, even in GBMs, and peritumoral capillaries are ultrastructurally normal (111). Further- 
more, there is a functional barrier produced by the BTB as a result of heterogeneous distribu- 
tion of vessels in the tumor interstitium, decreased vascular surface area and increased 
intracapillary distance with tumor growth, and high interstitial pressure in tumor and adjacent 
edematous areas (1 0,114). On the other hand, in the infiltrated areas that characterize gliomas, 
the widely dispersed tumor cells within the normal parenchyma are actually protected by an 
intact BBB (2,10). This has been well demonstrated with MAbs, which failed to increase 
survival in animals with intracerebral tumors because of the lack of penetration into brain 
parenchyma (9). Finally, both the BTB and the tumor cells themselves express P-gp and other 
efflux transport pumps. 

The development of methods to overcome these barriers has been a major goal in neuro- 
oncology. It is well known that in order to traverse the BBB molecules must be lipophilic, have 
low-molecular-mass, or benefit from facilitated delivery (10,113). Large or charged mol- 
ecules do not cross over into the brain (10,112). Tyrosine kinase inhibitors, despite their small 
size, are for the most part charged molecules and may not be effectively delivered to brain 
tumors (1 0). There is also reason to suspect that many of these molecules are substrates for 
the active transport pumps, which further reduce CNS penetration of these drugs. Presently, 
there is lack of data concerning the ability of SMIs to cross the BBB; however, data from our 
laboratory, presented at the 2003 AACR-NCI-EORTC Molecular Therapeutics Meeting sug- 
gests brain tumor levels of one EGFR SMI to be approx 40% of serum levels (4,116). 

Methods to overcome the BBB include direct infusion into surgical cavities, transient BBB 
disruption, convection-enhanced delivery into the brain parenchyma, specialized vehicles 
such as immunoliposomes, modulation of interstitial fluid pressure, and engineering of com- 
pounds to improve their penetration, as in the case of SMIs (114). 

Drug Resistance 

Potential mechanisms of cellular resistance to targeted antineoplastic therapies include: 
( 1 ) amplification of the target to increase signal; (2) mutation of the target to prevent inhibitor 
binding; (3) compensatory upregulation of parallel signaling pathways to bypass blockade; 
(4) loss of the tumor suppressor pathway which mediated the inhibitory effects of the kinase 
inhibitor, and (5) upregulation of drug efflux pumps (6). 

ZD 1 839 (Iressa) resistance was studied in an in vitro model of glioma with EGFR expres- 
sion (117). Treatment of glioma cells with Iressa resulted in significant suppression of EGFR 
autophosphorylation with low levels of drug; however, significantly higher levels were required 
for full inhibition of its downstream targets in the PI3K/Akt and MAPK/ERK pathways. This 
demonstrates a differential resistance in target effect with respect to drug levels. 

The most well known example of resistance to SMIs is the case of Gleevec for treatment 
of CML (118). Ninety five percent of CML cases have a single genetic defect, a 9:22 trans- 
location resulting in the Bcr-Abl fusion protein, which is a constitutively active protein tyro- 
sine kinase (6). Imatinib (Gleevec) is an inhibitor of this kinase (as well as of Kit and PDGFR) 
(118,119). Phase I studies showed 95% complete hematologic remission with Gleevec treat- 
ment (119). Durable responses have been obtained in patients in the chronic phase of CML, 
but resistance has been shown mainly in patients in the accelerated or blast crisis phases of the 
disease ( 6). The principal mechanism of this resistance is a mutation in the catalytic Abl kinase 
domain of Bcr-Abl, which sterically blocks imatinib binding to Abl (10,120,121). This is 
thought to result from selective outgrowth of pre-existing subclones of CML cells (6). Thus, 
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a single mutation can lead to resistance to therapy. Other putative mechanisms of resistance 
include Bcr-Abl gene amplification, activation of an alternative tyrosine kinase, and Mdr-1 
P- glycoprotein expression (119). 

Preclinical studies have shown that resistance of glioma cell lines to EGFR inhibitors is 
associated with activation of IGF1/PI3K/Akt (1 0). Thus, cells treated with one type of tyrosine 
kinase inhibitor may regrow with increased expression of another growth factor (10). 

Combination Therapy 

Combination therapy entails the use of SMIs in association with other SMIs or with cyto- 
toxic treatments such as traditional chemotherapy or radiotherapy. There are several reasons 
for considering combination therapy for gliomas. First, most SMIs have demonstrated cyto- 
static effects as opposed to chemotherapy or radiation therapy, which are cytoreductive treat- 
ments (6). Second, gliomas are a heterogeneous group of tumors, which show evidence of 
aberrant activity at multiple levels, including extracellular growth factors or growth factor 
receptors, signal transduction cascades, and cell-cycle control molecules (10,17). Most glio- 
mas have abnormalities at all three of these levels (17). Third, as discussed previously, these 
pathways are highly redundant and inter-related (2). Finally, one tumor can show molecular 
heterogeneity in different geographic areas (2,10). All of these facts seem to mandate simul- 
taneous targeting of multiple signaling pathways and/or targeting of downstream effectors 
common to multiple upstream mutations (e.g., Akt activation by PTEN deletion or by EGFR/ 
EGFRvIII) (7,10). Eventually, “tailored therapies” based on a tumor’s specific molecular 
abnormalities may be feasible (4). This strategy may be limited, however, by the intrinsic 
genetic instability associated with HGG. 

Combinations have been attempted in the case of CME (119). Imatinib with the FTI 
lonafarnib (SCH66336) demonstrated enhanced antiproliferative effects against Bcr-Abl- 
expressing cells (122). This combination also inhibited hematopoietic colony formation by 
primary human CME cells and induced apoptosis in imatinib-resistant Bcr-Abl-expressing 
cells (122, 123). Imatinib in combination with wortmannin (a PI3K inhibitor) showed synergy 
against Bcr-Abl cell lines (124). 

Active trials of small molecule inhibitors in glioma, as of October 2004, are listed in Table 1 
(125). 

CONCLUSIONS 

It is likely that successful development of SMIs will require a focus on markers of thera- 
peutic efficacy and on determination of actual target delivery. 

In most past clinical trials of cytotoxic agents, the only endpoints examined were response 
(defined as complete or partial tumor shrinkage) and survival. Clinical trials involving cyto- 
static agents, such as SMIs, will also need to look at other measures of efficacy including time- 
to-progression, progression-free survival, tumor response (including stabilization of disease), 
and identification of molecular determinants of drug sensitivity (i.e., decreased levels of 
activated downstream effectors) (10). These trials could also be stratified based on molecular 
inclusion criteria (via use of microarray or gene chip technology), because differences in 
molecular profiles between tumors may actually translate to different biological behavior and 
could mask a high response to therapy in a subset of patients if all are grouped together (6,126). 
The strategy would be to identify subgroups, for example, of primary and secondary GBM and 
to establish predictive markers or profiles to guide therapy (7,42). Dose selection may even- 
tually be based on maximal inhibition of target rather than on maximal tolerated dose (MTD), 


Table 1 

SMI Clinical Trials Recruiting Patients as of October 2004 (126) 


Drug 

Type 

Phase 

Protocol ID 

Study population 

Erlotinib (OSI-774. Tarceva) 

EGFR inhibitor 

I/I I 

NABTC-0103 

Recurrent/progressive malignant glioma or meningioma 

Erlotinib 


I 

NCI-04-C-0256 

Recurrent/refractory solid tumors, including all brain tumors 

Erlotinib 


I 

CDR0000069 170 

Solid tumors, including gliomas with hepatic/renal dysfunction 

Erlotinib 


II 

CDR0000380835 

Adult GBM 

Erlotinib 


II 

EORTC-26034- 16031 

Recurrent GBM 

Erlotinib 


II 

CDR0000270723 

Recurrent/progressive GBM 

Erlotinib 


Eli 

NCCTG-N0177 

GBM, gliosarcoma, other grade IV astrocytoma variants 

Gefitinib (ZD 1839, Iressa) 

EGFR inhibitor 

II 

PBTC-007 

Newly diagnosed brain stem gliomas or incompletely resected 
supratentorial malignant gliomas 

Gefitinib 


II 

NABTC-0001 

Recurrent/progressive supratentorial maliganant gliomas and 
brain/spinal meningiomas 

Gefitinib 


I 

NCI-03-C-0062 

Solid cancers in children 

Gefitinib 


I/II 

CDR0000370826 

Progressive/recurrent GBM in combination with everolimus 

Imatinib mesylate (STI571, Gleevec) 

PDGFR inhibitor 

I/I I 

PBTC-006 

Newly diagnosed/poor prognosis brain stem glioma or 
recurrent high grade glioma with/without radiotherapy 

Imatinib mesylate 


I/II 

NABTC-9908 

Recurrent/progressive/unresectable glioma or meningioma 

Imatinib mesylate 


I/II 

NCCTG-N0272 

Recurrent oligodendroglioma/mixed oligoastrocytoma 

AP23573 

rnTOR inhibitor 

I 

AP23573-02-101 

Refractory/advanced malignancy 

Lonafamib (SCH66336, Sarasar) 

FTI 

I 

EORTC- 16027 

Recurrent/progressive primary supratentorial gliomas in 
combination with tenrozolamide 

Lonafamib 


II 

DM0 1-25 8 

Recurrent/progressive supratentorial GBM in combination 
with temozolamide 

Tipifarnib (R1 15777, Zarnestra) 

FTI 

II 

COG-ACNS0226 

Recurrent/progressive high-grade glioma, medulloblastoma/ 
PNET, or brain stem/visual pathway/hypothalamic glioma 

Tipifarnib 


I/II 

PBTC-014 

Newly diagnosed diffuse intrinsic brain stem glioma in 
combination with radiotherapy 

Tipifarnib 


I 

NABTC-0202 

Newly diagnosed GBM/gliosarcoma in combination with 
radiotherapy 

Tipifarnib 

FTI 

I/II 

ID02-126 

Recurrent/progressive GBM 

Bortezomib (PS-341, Velcade) 

Proteasome inhibitor 

I 

NABTT-9910 

Recurrent/progressive malignant glioma 
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as with cytotoxic drug development in order to establish an “optimal biological dose” (OBD) 
based on target modulation (6,127). However, whether these drugs should be dosed based 
upon MTD or OBD remains an open question. Trial design will also need to compensate for 
the effects of enzyme (P450)-inducing agents such as phenytoin, carbamazepine, and phe- 
nobarbital that are commonly employed in this patient population by using two-arm trials (10). 
Increased dosing may be needed for SMIs that are metabolized by the cytochrome P450 (e.g., 
CCI-779, erlotinib), which may lead to prohibitive side effects prior to the achievement of an 
effective tumor tissue concentration (75). 

Pathological studies will need to provide data on cell-surface receptors on tumor tissue, as 
well as on the activation state of signal-transduction pathways in paraffin-embedded tumor 
tissue. Biomarkers could be measured on tissue at initial diagnosis, after a short trial of therapy 
(e.g., short-term pretreatment with a kinase inhibitor before surgery), or at tumor recurrence 
(10). They could also be measured in surrogate tissue (e.g. , circulating lymphocytes or on skin 
biopsy samples) in order to provide a less invasive measurement of efficacy (10). Patients may 
also eventually be divided into cohorts by looking at gene expression and signaling pathway 
activation profiles using phosphorylation status-specific antibodies that allow for the detec- 
tion of activated signaling molecules in biopsy tissue (10). Thus, molecular profiling of 
gliomas is gaining new clinical relevance with the ultimate goal of providing a scientific basis 
for tailored therapy. 
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Cytokine Immuno-Gene Therapy 
for Malignant Brain Tumors 
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Summary 

The prognosis for patients with malignant glioma is poor. Conventional treatments such as 
surgery, radiation therapy, and chemotherapy have done little to affect long-term survival, and new 
methods of treatment are urgently needed. In this report, approaches involving cytokine gene therapy 
in treatment of malignant brain tumors are reviewed and contrasted with a strategy developed in this 
laboratory involving the use of allogeneic cells which have been genetically modified to secrete 
cytokines. In our studies, mice with an intracerebral glioma, melanoma, or breast carcinoma treated 
solely by intratumoral injections with allogeneic cells genetically modified to secrete interleukin-2 
were found to survive significantly longer than mice in various control groups. The anti-tumor response 
was mediated predominantly by T-cell subsets (CD8 + and NK/LAK cells). The injections resulted in 
the killing of only the neoplastic cells; non-neoplastic cells were unaffected. Experiments involving 
treatment of animals with intracerebral tumor using subcutaneous injections of cytokine secreting 
allogeneic cells in the presence of tumor antigens demonstrated no effect in prolonging survival in spite 
of the development of a vigorous system antitumor immune response. Of special interest, mice injected 
intracerebrally with the cytokine-secreting allogeneic cells alone exhibited no neurologic defect and 
there were no adverse effects on survival. The injection of cytokine-secreting allogeneic cells into the 
microenvironment of an intracerebral tumor may induce an anti-tumor immune response capable of 
prolonging survival. This preclinical animal data directly translates into clinical treatments forpatients 
with a malignant intracerebral tumor. Based upon data from our laboratory and from other Neuro- 
Oncologists, it is time to think about including immunotherapy in the treatment paradigm for malignant 
gliomas as a possible means of delaying recurrence. 

Key Words: Immuno-gene therapy; glioma, IL-2; tumor vaccine. 

INTRODUCTION 

The current prognosis for patients with malignant brain tumors remains poor ( 1 ). Malignant 
gliomas are the most common primary brain tumor. Despite treatment with surgery, radiation, 
and chemotherapy, the 2-yr survival remains less than 20%. One emerging strategy in the 
treatment of tumors involves stimulation of an immunologic response against the neoplastic 
cells. The hope is that the immune system can be called into play to destroy malignant cells. 
However, in most instances, proliferating tumors do not provoke anti-tumor cellular immune 
responses. The precise mechanisms that enable antigenic neoplasms to escape host immunity are 
not completely understood. The cells appear to escape recognition by the immune system in spite 
of the fact that neoplastic cells form weakly immunogenic tumor associated antigens (TAAs). 
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Tumor cells may evade immune responses by losing expression of antigens or major 
histocompatiblity complex (MHC) molecules or by producing immunosuppressive cytokines. 
In addition, T cells that recognize self-antigens may differentiate into suppressor or regulatory 
cells, which inhibit the activation and/or functions of effector cells. The inhibitory effects of 
suppressor cells may be mediated by cytokines. In particular interleukin- 10 and TGF-(3 are 
two examples of such cytokines. Successful methods to induce immunity to TAAs could lead 
to tumor cell destruction and prolong the survival of cancer patients. 

A variety of strategies have been used to increase the immunogenetic properties of 
vaccine therapies for brain tumors. The immune response can be augmented by genetic 
modification of tumor cells to secrete cytokines including IL-2, granulocyte macrophage- 
colony stimulating factor (GM-CSF) and interferon-y. One can also alter the MFIC of the 
tumor cells to express allogeneic determinants. Finally, one can genetically modify the 
tumor cells to express co- stimulatory molecules such as B7. In some instances, objective 
evidence of tumor regression has been observed in patients receiving immunizations only 
with tumor cell immunogens, suggesting the potential effectiveness of this type of immu- 
notherapy for malignant neoplasms. In addition, modification of delivery techniques to treat 
intracerebral tumors has included intrathecal, intralymphatic, subcutaneous and intratu- 
moral injections of treatment cells. We have utilized many of these techniques to enhance 
the immune response in the development of our cellular vaccine, as discussed below. 

Recent advances in our understanding of the biology of the immune system have led to the 
identification of numerous cytokines that modulate immune responses ( 2 - 4 ). These agents 
mediate many of the immune responses involved in anti-tumor immunity. Several of these 
cytokines have been produced by recombinant DNA methodology and evaluated for their anti- 
tumor effects. In experimental clinical trials, the administration of cytokines and related 
immunomodulators has resulted in objective tumor responses in some patients with various 
types of neoplasms ( 4 - 6 ). 

Interleukin-2 (IL-2) is an important cytokine in the generation of anti-tumor immunity ( 5 ). 
In response to tumor antigens, the helper T-cell subset of lymphocytes secretes small quan- 
tities of IL-2. This IL-2 acts locally at the site of tumor antigen presentation to activate 
cytotoxic T-cells and natural killer cells that mediate systemic tumor cell destruction. Intra- 
venous, intralymphatic, or intralesional administration of IL-2 has resulted in clinically sig- 
nificant responses in several types of cancer ( 5 - 9 ). However, severe toxicities (hypotension 
and edema) limit the dose and efficacy of intravenous and intralymphatic IL-2 administration 
( 6 , 8 ). The toxicity of systemically administered cytokines is not surprising as these agents 
mediate local cellular interactions, and they are normally secreted in quantities too small to 
have systemic effects. To circumvent the toxicity of systemic IL-2 administration, several 
investigators have examined intralesional injection of IL-2 ( 9 , 10 ). This approach eliminates 
the toxicity associated with systemic IL-2 administration. However, multiple intralesional 
injections are required to optimize therapeutic efficacy ( 9 , 10 ). These injections will be imprac- 
tical for many patients without potential significant morbidity, particularly when tumor sites are 
not accessible for direct injection. 

Cytokine gene transfer has resulted in significant anti-tumor immune responses in several 
animal tumor models ( 11 - 14 ). In these studies, the transfer of cytokine genes into tumor cells 
has reduced or abrogated the tumorigenicity of the cells after implantation into syngeneic 
hosts. The transfer of genes for IL-2 ( 11 , 12 ), y interferon (IFN-y) ( 13 ), and IL-4 ( 14 ) signifi- 
cantly reduced or eliminated the growth of several different histological types of murine 
tumors. Other cytokines capable of producing similar results include GM-CSF ( 15 ) and 
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interleukin- 12 ( 16 ). In the studies employing IL-2 gene transfer, the treated animals also 
developed systemic anti-tumor immunity and were protected against subsequent tumor chal- 
lenges with the unmodified parental tumor ( 11 , 12 ). Similar inhibition of tumor growth and 
protective immunity were also demonstrated when immunizations were performed with a 
mixture of unmodified parental tumor cells and genetically modified tumor cells engineered 
to express the IL-2 gene. No toxicity associated with expression of the cytokine transgenes 
was reported in these animal tumor studies ( 11 - 14 ). An alternative strategy is to genetically 
modify tumor cells to express an antisense gene to TGF-(3, which is a cytokine highly ex- 
pressed in glioma cells that acts to inhibit the function of cytotoxic T cells ( 17 ). 

Previous immunotherapy strategies have utilized classical immunologic cell types includ- 
ing activated lymphocytes and LAK cells. More recently, a variety of cells have been inves- 
tigated for their usefulness in tumor oncology, including tumor cells themselves (syngeneic 
or allogeneic), dendritic cells, or fibroblasts (syngeneic or allogeneic). Although syngeneic 
tumor cells have the advantage that they express most of the appropriate antigens needed 
for targeted therapy, many types of tumors are difficult to establish in culture. In addition, 
cytokine gene therapies requiring the transduction of autologous tumor cells may not be 
practical for many cancer patients. Modification of neoplastic cells taken directly from 
tumor-bearing patients may be difficult. In particular, a primary tumor cell line required for 
retroviral modification has to be established. An alternative cell type that can be used for 
therapeutic immunizations is the dendritic cell (DC), which is a specialized antigen-pre- 
senting cell (APC). Preclinical studies have indicated that immunizing either mice or rats 
with DC pulsed using tumor cell antigens can stimulate a cytotoxic T-cell response that is 
tumor-specific and that engenders protective immunity against central nervous system 
(CNS) tumor in the treated animals ( 18 , 19 ). It is also conceivable that a subpopulation of 
the primary tumor, selected for its capacity to grow in vitro, may not reflect the tumor cell 
population as a whole especially because tumors such as glioma are known to be heteroge- 
neous. 

We have chosen an allogeneic fibroblast cell line as an “off-the-shelf’ cellular vaccine for 
a number of reasons. Fibroblasts obtained from established allogeneic fibroblast cell lines 
may be readily cultured in vitro and genetically modified to express and secrete cytokines ( 20 - 
24 ). The cells can be genetically modified to secrete cytokines and subsequently injected 
directly into the tumor bed. The use of allogeneic rather than syngeneic cells was initially 
based upon evidence that allogeneic MHC determinants augment the immunogenic properties 
of the tumor vaccine ( 22 - 24 ). Application of genetically modified fibroblasts in therapeutic 
vaccines facilitates titration of single or multiple cytokine doses independent of tumor cell 
doses. Like other allografts, the allogeneic cytokine-secreting cells are rejected. Furthermore, 
the number of cells can be expanded as desired for multiple rounds of therapy. In addition, the 
slow continuous release of cytokines and the eventual rejection of the allograft may be a useful 
advantage in the treatment of brain tumors where long-term secretion of high concentrations 
of certain cytokines may be associated with increased morbidity. Thus, an allogeneic cytokine 
secreting vaccine is readily available, easily expanded, possibly less toxic, and more immu- 
nogenic. These considerations provide the rationale for examining the use of allogeneic fibro- 
blasts genetically modified to secrete cytokines in our studies as a means of enhancing 
anti-tumor immune responses in treatment of malignant intracerebral tumors ( 20 - 26 ). We will 
review our studies investigating the use of this cellular vaccine not only as a treatment vaccine 
for an existing malignant glioma but also as a protective vaccine for the possibility of delaying 
recurrence of gliomas. 
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MATERIALS AND METHODS 
Cell Lines and Experimental Animals 

G1261 is a malignant glial tumor syngeneic in C57BL/6 mice. The tumor was originally 
obtained from Dr. J. Mayo (DCT, DPT, National Cancer Institute, Frederick, MD); it was 
maintained by serial transfer in histocompatible C57BL/6 mice. LM cells, a fibroblast cell line 
of C3FI/]-Ie mouse origin, were from the American Type Culture Collection (Manassas, VA). 
The LM cells were maintained at 37°C in a humidified 7% C0 2 /air atmosphere in Dulbecco’s 
modified Eagle’s medium (DMEM) (Life Technologies, Grand Island, NY) supplemented 
with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO) and antibiotics (Life Technolo- 
gies) (growth medium). 

The animals used were 8- to 10-wk-old pathogen-free C57B1/6 (H-2 b ) or C3H/He (H-2 k ) 
mice obtained from Charles River Breeding Laboratories (Portage, MI). The mice were 
maintained in the animal care facilities of the University of Illinois, according to National 
Institutes of Ideal th (NIFI) Guidelines for the Care and Use of Laboratory Animals. They were 
8- to 12-wk-old when used in the experiments. 

Intracerebral Injection of Mice 

A cannula system, which we developed and previously described, was modified for 
injection of tumor cells and the modified fibroblasts (26). Small screws (0-80 x 1/16; 1.6 
mm in length) were obtained from Plastics One (Roanoke, VA) and a .022 pmdiameter hole 
was subsequently drilled through the center of the screw. Mice were anesthetized and a 
small burr hole was placed with a D#60 drill bit (Plastics One, Roanoke, VA) over the right 
frontal lobe in the region of the coronal suture. The screws bearing a central hole were 
subsequently secured into the small burr hole using Elmer’s Super Glue Gel. The mice were 
allowed to recover and on specified days injections were made using a Hamilton syringe 
containing a 26-gage needle with a small piece of solder placed 5 mm from the tip of the 
needle to maintain a uniform depth of injection. The total injection volume was between 5 
and 10 pL. 

Preparation of Cytokine (IL-2 and/or IFN-y) Secreting Mouse Fibroblasts 

IL-2 secreting mouse fibroblasts were prepared as described previously (27). The gene for 
IL-2 was transduced into LM fibroblasts with a retroviral plasmid (pZipNeoSV-IL-2) (obtained 
originally from T. Taniguchi, Institute for Molecular and Cellular Biology, Osaka University, 
Japan) (28). The plasmid contains a human IL-2 cDNA and a gene ( neo ' ) that confers resis- 
tance to the aminoglycoside antibiotic, G418 (29) used for selection. 

To prepare the IL-2/IFN-y double cytokine-secreting cells, the IL-2 secreting cells were 
co-transfected (lipofectin-mediated; Gibco BRL, Grand Island, NY) with DNA from pZipNeo 
SVIFN-y (obtained from M. K. L. Collins, Institute of Cancer Research, London, England) 
along with DNA from pHyg (obtained from L. Lau, University of Illinois, Chicago, IL), as 
previously described (30). The plasmid confers resistance to hygromycin (31) used for selec- 
tion. 

IFN-y single cytokine-secreting cell-lines were prepared by co-transfection of LM cells 
with DNA from pZipNeoSVIFN-y along with DNA from pHyg, as previously described ( 30). 
The cells were maintained for 14 d in growth medium containing 300 g/mL hygromycin. To 
maintain cytokine-secretion, every third passage the cells were routinely placed in the relevant 
selection medium. 
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Modification of LM or LM-IL-2 Fibroblasts (H-2 k ) to Express H-2K b 
Class I-Determinants (Eemi- Allogeneic /Syngeneic Cells ) 

A plasmid (pBR327H-2K b from Biogen Research Corp, Cambridge, MA) encoding MHC 
H-2K b determinants was used to modify LM or LM-IL-2 fibroblasts to express H-2K b deter- 
minants. Ten pg of PBR327H-2K b and 1 pg of pBabePuro was mixed with Lipofectin (Gibco 
BRL), according to the supplier’s instructions. The plasmid pBabePuro (obtained from M. K. 
L. Collins, University College, London, England) conferring resistance to puromycin, was 
used for selection. The plasmid-mixture was added to 1 x 10 s LM or LM-IL-2 cells in 10 mL 
of DMEM, without FBS. For use as a control, an equivalent number of LM or LM-IL-2 cells 
were transfected with 1 pg of pBabePuro alone. The cells were incubated for 18 h at 37°C in 
a C0 2 /air atmosphere, washed with DMEM, followed by the addition of growth medium. 
After incubation for 48 h, the cell cultures were divided and replated in growth medium 
supplemented with 3.0 pg/mL puromycin (Sigma; St. Louis, MO) followed by incubation at 
37°C for an additional 7 d. The surviving colonies were pooled and tested by staining with 
specific fluorescein isothiocyanate (FITC)-conjugated antibodies for the expression of H- 
2K b -determinants. One hundred percent of nontransfected fibroblasts maintained in growth 
medium containing puromycin died during the 7-d period of incubation. 

Assays for Cytokine Secretion 

LIL-2 secretion by the G4 1 8-resistant cells was assayed with the use of the IL-2-dependent 
cell-line CTLL-2, as previously described (32). One unit of IL-2 gave half-maximal prolifera- 
tion of CTLL-2 cells under these conditions (32). IL-2 and IFN-g secretion by the transfected 
cells were assayed by the use of a human IL-2 or a mouse IFN-g enzyme-linked immunosorbent 
assay (ELISA) kit (Genzyme, Cambridge, MA). 

The Detection of mRN As Specifying IL-2 or IFN-y by Transfected 
LM Cells by the Reverse Transcription-Polymerase Chain Reaction 

Reverse-transcriptase polymerase chain reaction (RT-PCR) was used as a further confir- 
mation of the expression of the transferred cytokine genes. Total cellular RNA was prepared 
from the relevant cell types, according to the method described by Chomczynski et al. (33) and 
then transcribed into cDNA and amplified, as previously described (30). 

Histopathologic Examination of the Tumors 

Animals from each group were sacrificed near death (animal unable to feed) for histologic 
examination 


Spleen Cell-Mediated Cytotoxicity by 51 Cr-Release Assay 

Mononuclear cells from the spleens of C57BL/6 mice immunized with the various cell 
constructs were used as sources of effector cells for the cytotoxicity studies using a standard 
4-h cromium release assay, as previously described (30). 

In Vitro Determination of the Classes of Effector 
Cells Activated for the Anti-Glioma Cytotoxicity 

The effect of monoclonal antibodies (MAbs) for T-cell subsets or NK/LAK cells on the 
anti-tumor response was used to identify the predominant cell-types activated for anti-tumor 
cytotoxicity in mice immunized with the cytokine-secreting cells. 
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Statistical Analysis 

Student’s Most was used to determine the statistical differences between the survival of mice 
in various experimental and control groups. A p value below 0.05 was considered significant. 

RESULTS 

Simultaneous Intracerebral Injection of Glioma 
and Cytokine Secreting Allogeneic Cells 

We measured the survival of C57B1/6 mice injected intracerebrally (ic) with a mixture of 
G1261 glioma cells and cytokine secreting LM cells. G1261 cells are a glioma cell-line of 
C57B1/6 mouse origin (H-2 b ). LM fibroblasts are derived from C3H/He mice and express 
H-2 k determinants. We initially evaluated the immunotherapeutic effects of single cytokine- 
secreting LM-IL-2 cells and double cytokine-secreting LM-IL-2/interferon-y cells in mice 
bearing an ic glioma. A mixture of G 1261 cells and the single or double cytokine-secreting 
cells were injected ic into the right frontal lobe of C57BL/6 mice, syngeneic with G 1261 cells 
(Fig. 1 ). Mice injected ic with the mixture of glioma and LM-IL-2 cells survived significantly 
longer {p < 0.025) than control mice injected ic with an equivalent number of glioma cells 
alone. Somewhat more dramatic results were obtained for mice injected ic with a mixture of 
glioma cells and LM-IL-2/interferon-y double cytokine-secreting cells. In addition, the sur- 
vival of this group was statistically prolonged relative to either untreated mice with glioma or 
those animals injected with G1261 cells and LM-IL-2 cells. The survival time of mice injected 
with a mixture of glioma cells and LM-Interferon-y cells was not significantly different from 
that of mice injected with glioma cells alone (p >0.1). Of special interest, mice injected ic with 
an equivalent number of LM-IL-2 cells alone lived for more than 3 mo and showed no 
evidence of ill effects or neurologic deficit. Immunocytotoxic studies demonstrated a signifi- 
cantly elevated cromium release from G1261 cells co-incubated with spleen cells from mice 
injected ic with glioma cells and the cytokine secreting fibroblasts (Table 1). 

Thus, therapy with an immunogen that combined the expression of allogeneic antigens and 
the secretion of cytokines led to the most significant benefit in mice with an intracerebral glioma. 

Specificity of the Immune Response 

The specificity of the immunocytotoxic response was evaluated against a variety of tumor 
cell lines (T able 2). Only spleen cells from immunized animals demonstrated an immunocytotoxic 
response. The response, although somewhat nonspecific when tested against a variety of 
tumor cell lines, was markedly enhanced when tested against the same tumor cells with which 
the animal was initially injected. 

Intracerebral Survival and Toxicity 
of the Cytokine-Secreting Allogeneic Cells 

The toxicity of the allogeneic cell based cytokine gene therapy for tumors is likely to depend 
in part on the ability of the genetically modified cells to survive in the CNS. The intracerebral 
distribution and survival of the cytokine secreting cells was investigated using both allogeneic 
C57BL/6 and syngeneic C3H/He mice. As a means of assessing survival of the allogeneic 
cells in the CNS, PCR analysis was performed to identify the presence of the neomycin 
gene in the brain sections at various time intervals (2-60 d). In brief, high-molecular- 
weight DNA was isolated using techniques described previously (32). PCR amplification of 
the DNA was subsequently performed in a reaction mixture consisting of 0.4 \xM of primer 
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Days after injection of glioma cells 


Fig. 1 . Graph showing the survival rate of mice injected ic with a mixture of glioma cells and fibroblasts 
(LM cells) engineered to secrete cytokines. The C57B1/6 mice (8/group) were injected ic with a mixture 
of 10 6 cells of one of the cell types and 10 5 G1261 glioma cells. The median lengths of survival were as 
follows (in days): mice with nonimmunized glioma cells, 16.9 ± 1.9; glioma plus LM cells, 20.0 ±4.5; 
glioma plus LM-IL-2 cells, 23.4 ± 6.8; glioma plus LM-IFN-y cells, 18.0 ± 1.8; glioma plus LM-IL-2/ 
IFN-y cells, 28. 1 ±5.8. Probability values were: nonimmunized vs LM-IL-2,/? < 0.025; nonimmunized 
or LM vs LM-IL-2/IFN-y, p < 0.005; LM-IL-2 vs LM-IL-2/IFN-y , p < 0.05. 


Table 1 


The Effect of MAbs Against T-Cell Subsets of NK/LAK Cells on the Anti-Glioma 
Cytotoxic Activities of Spleen Cells From C57BL/6 Mice Injected 
IC With a Mixture of Glioma and the Cytokine(s)-Secreting Cells 


Cell-types for immunization a 

MAb-treatment 

% cytolysis at E:T ration of 100:1 

Glioma 

— 

3.6 

± 1.2 


Anti-Lyt-2.2 

-1.4 

± 2.5 


Anti-asialo GM1 

-7.1 

± 2.8 

Glioma + LM 

— 

5.8 

± 2.8 


Anti-Lyt-2.2 

-1.9 

± 4.2 

Glioma + LM-I-2 

Anti-asialo GM1 

OO 

1 

± 1.8 


— 

17.7 

± 0.7 b - c 


Anti-Lyt-2.2 

5.2 

± 2.0 


Anti-asialo GM1 

-6.6 

± 2.3 

Glioma + LM-IL-2/IFN-y 

— 

38.3 

-|- 44 c,d,e 


Anti-Lvt-2.2 

20.4 

± 11.9 


Notes: "C57BL/6 mice received a single ic injection of ( 10 5 ) glioma cells together with one of the modified 
fibroblast cell-types (10 6 cells). Three weeks after the injection, mononuclear cells from the spleens of the 
immunized mice obtained through Ficoll-Hypaque centrifugation were used for the 5I Cr-release assay. All 
values represent the mean + SD of triplicate determinations. 

b p < 0.005 relative to 51 Cr release for spleen cells from animals immunized with glioma. 

c p < 0.05 relative to 51 Cr release for spleen cells from animals immunized with glioma + LM cells. 

d p < 0.025 relative to 51 Cr release for spleen cells from animals immunized with glioma. 

e p < 0.05 relative to 51 Cr release for spleen cells from animals immunized with glioma + LM-IL-2 cells. 
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Table 2 

Cytotoxicity Toward Various Tumor Cell-Types in Spleen Cells From C57BL/6 Mice 
Injected IC With a Mixture of Glioma and the Cytokine(s)-Secreting Cells 


Cell type a 


% cytolysis at E:T ration of 100:1 


Nonimmunized 

LM-IL-2 

LM-IL-2/IFN-y 

T1261 

2.2 ±2.9 

44.6 ± 0.8 

63.3 ±7.2 

B16F1 

-0.2 ± 2.0 

14.9 ± 1.2 

15.4 ± 1.3 

EL4 

4.1 ± 1.3 

46.3 ±4.8 

37.8 ± 1.5 

LI/2 

10.1 ± 1.0 

19.3 ± 1.4 

15.1 ± 1.4 


Notes: "C57BL/6 mice received a single ic injection of (2.0 x 10 5 ) G1261 glioma cells together with one of the 
modified fibroblast cell-types (10 6 cells). Two weeks after the injection, mononuclear cells from the spleens of the 
immunized mice obtained through Ficoll-Hypaque centrifugation were used for the 51 Cr-release assay using 4 
different 51 Cr-labeled cell types as tumor targets including G1261 glioma, B 16F1 melanoma, EL-4 lymphoma,, and 
LL/2 Lewis lung carcinoma cells. All tumor cells are of C57B1/6 origin (H-2 b haplotype). All values represent the 
mean ± SD of triplicate determinations. 



12 3 4 5 6 7 8 


Fig. 2. PCR anaylsis for the survival of modified fibroblasts in the CNS. PCR analysis was performed 
for the presence of the neomycin resistance gene in brain sections taken at various time intervals (0-60 
d) after implantation of modified fibroblasts into the CNS in allogeneic and syngeneic mice. DNA 
sequences for the neomycin resistance gene were observed on days 8 and 14 but not on days 28 or 60 
after implantation in allogeneic mice, and up to 55 d in syngeneic mice. Lane 7, low-mass molecular 
marker (Life Technologies); lane 2, 8 d after injection into allogeneic mice; lane 3, 14 d after injection 
into allogeneic mice; lane 4, 28 d after injection into allogeneic mice; lane 5, 60 dafter injection into 
allogeneic mice; lane 6, 55 d after injection into syngeneic mice; lane 7, 10 3 LM-IL-2 cells; lane 8, 
pZipNeo plasmid. Arrow indicates the location of the 249-base pair Neo' gene. 


for the Neo' gene, 3-5 pL of the DNA samples, 1.5 m/WMgCU, 0.5 m M of each deoxynucleotide 
triphosphate (dNTP), and 2.0 U Taq plymerase (Gibco). The sequences of the Neo gene 
primers are as follows: 5' primer, 5'-GCTGTGCTCGACGTTGTCAC-3’; 3' primer, 5'-CTCT 
TCGTCCAGATCATCCTG-3'. The reactions were run for 38 cycles of 94°C for 1 min, 55°C 
for 1 min, 72°C for 1 min using a Perkin-Elmer Cetus thermal cycler. After amplification, 
5 pL of the reaction mixture was removed and analyzed by electrophoresis in a 2.0% agarose 
gel. DNA sequences specific for the neomycin gene were found in DNA isolated from allo- 
geneic mice on days 8 and 14, but were no longer detected on days 28 and 60 (Fig. 2). Similar 
experiments in syngeneic mice detected DNA sequences specific for the neomycin gene at 55 
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Fig. 3. Treatment of an established glioma with IL-2 secreting cells. C57B1/6 mice (nine animals/ 
group) were injected ic through a cannula with 5.0 x 10 4 G1261 cells followed 2 d later by the first of 
three weekly injections of 1.0 x 10 6 LM-IL-2/K b cells. As controls, animals received an equivalent 
number of tumor cells followed by treatment with either LM cells or media alone at the same time 
intervals as described previously. MST (d): media alone, 23.4±4.1;LM, 22.3 ±4.3; LM-IL-2/K b , 26.7 
± 4.6. p values: media alone vs LM-IL-2/K b , p < 0.05; LM vs LM-IL-2/K b , p < 0.025. 


d. DNA sequences specific for the neomycin gene were not found in control mice injected with 
LM (noncytokine secreting) fibroblasts (data not shown). Thus, modified allogeneic cells fail 
to survive in the CNS beyond 14 d as evidenced by PCR. The animals implanted with the 
genetically modified cells were observed daily for evidence of neurologic deficit and other 
morbidity or mortality for over 60 d, and at no time did the mice exhibit neurologic deficits 
or adverse effects on survival. 

Evaluation of the Therapeutic Benefits 
ofLM Cells Modified to Secrete Interleukin-2 in Mice 
with an Established Pre-Existing Glioma 

To determine if the cytokine secreting cells could be effective in treating a clinically 
relevant model of mice with an established glioma, naive C57B1/6 mice bearing cannulas were 
first injected with G1261 glioma followed two days later with injection of either non-IL-2- 
secreting allogeneic LM fibroblasts or syngeneic/allogeneic LM-IL-2/K b cells. The animals 
received two more injections of the same type of cells as first injected through the cannulas 
at weekly intervals for a total of three injections. The animals with an established glioma 
treated with IL-2 secreting syngeneic/allogeneic fibroblasts survived significantly longer in 
comparison to either untreated animals {p < 0.05) or animals treated with allogeneic LM 
fibroblasts {p < 0.025) (Fig. 3). This experiment was repeated with similar results. 

Intracerebral vs Subcutaneous Immunization With Allogeneic 
Fibroblasts Genetically Engineered to Secrete Interleukin-2 
in the Treatment of Central Nervous System Tumor 

The purpose of this study was to determine the optimal route of delivery of gene therapy 
for an intracerebral tumor. Systemic delivery of gene therapy is of significant clinical interest. 
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In this study, allogeneic fibroblasts engineered to secrete interleukin-2 were administered 
either subcutaneously (in the presence or absence of G1261 cells) or intracerebrally to 
C57B1/6 mice with ic glioma. The results indicate a significant prolongation of survival in 
mice with ic glioma treated intracerebrally with LM-IL-2 cells, relative to the survival of 
mice with ic glioma treated subcutaneously with LM-IL-2 cells (either alone or mixed with 
G1261 cells) or untreated mice with glioma ( p < 0.05). The specific release of isotope from 
51 Cr-labeled glioma cells co-incubated with spleen cells from animals treated either subcu- 
taneously or intracerebrally with LM-IL-2 cells was significantly greater than the release 
of isotope from glioma cells co-incubated with spleen cells from nonimmunized mice (p < 
0.005). Direct ic administration of fibroblasts genetically engineered to secrete IL-2 was 
more effective in prolonging survival than peripheral subcutaneous administration in the 
treatment of mice with ic glioma even though both treatments stimulated a strong antiglioma 
immune response (data not shown). 

Histopathological evaluation of tumors from treated and untreated mice was performed 
on all animals at the time of cromium release studies (2 wk) and at the time of death (3-4 
wk). The most extensive lymphocytic infiltration was in mice treated with the ic IL-2 
secreting cells. 

Pretreatment of Mice With Allogeneic Cytokine 
Secreting Cells Protects Against the Development 
of an Intracerebral Glioma 

We previously found that the survival of C57B1/6 mice injected with G1261 glioma cells 
mixed with allogeneic IL-2 secreting fibroblasts is significantly prolonged in comparison with 
various control groups. In addition, in previous studies we also found that allogeneic LM-IL- 
2 fibroblasts modified to express H-2K b determinants (syngeneic in C57B1/6 mice) to form 
semi allogeneic LM-IL-2/K b cells (semi-allogeneic/syngeneic) are more effective than IL-2- 
secreting fibroblasts that express allogeneic determinants alone in treating mice with G1261 
glioma. In order to investigate the mechanism involved in using these genetically engineered 
cells for protecting against the development of an intracerebral tumor, cannulas were placed 
into the right frontal lobe of the mice. The animals were treated two times at weekly intervals 
with LM-IL-2/K b cells injected through the cannulas prior to injection of glioma cells. The 
tumor cells were mixed with the vaccine and introduced through the cannulas 1 wk following 
the second injection. The results demonstrate a significant delay in the development of glioma 
( p < 0.005) in the animals treated with either nonsecreting cells or IL-2-secreting syngeneic/ 
allogeneic fibroblasts (Fig. 4). 

Six animals in the IL-2 treated group that survived for over 3 mo were then re-challenged 
with an ic injection into the same site as the previous injections of 5 x 10 4 G126 1 glioma cells 
alone to determine if a long-term resistance toward glioma had been established in these 
animals. The results demonstrated a significant prolongation of survival {p <0.01) for those 
animals that had been previously injected with a mixture of tumor and LM-IL-2/K b cells in 
comparison to the naive animals injected with glioma cells alone (Fig. 5). There were four 
long-term survivors (> 90 d) of the six total animals in the group previously treated with LM- 
IL2/K b cells after receiving a second tumor challenge. These results suggest that a long-term 
immunity was established at the injection site in the animals that underwent multiple ic 
injections of LM-IL-2/K b cells prior to tumor injection. Whether or not a more generalized 
systemic immunity against glioma was established in these animals has not been deter- 
mined. 
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Fig. 4. Pretreatment with allogeneic fibroblasts prevents the development of a glioma. C57B1/6 mice (12 
animals/group) were injected with 1.0 x 10 6 LM-IL-2/K b cells through a cannula on 2 occasions sepa- 
rated by 1 wk. One week following the second injection the animals were injected a third time with a 
mixture of 1.0 x 10 6 LM-IL-2/K b cells and 5.0 x 10 4 G1261 cells. As controls, animals were injected 
through the cannula with either 1.0 x 10 6 LM cells or media at the same time points along with an 
equivalent number of G1261 cells at the time of the third injection. MST (d): media alone, 25. 4± 1.6; 
LM, 39.6 ± 12.2; LM-IL-2/K b , 53.9 ± 10.3. p values: media alone vs LM,p< 0.005; media alone vs LM- 
IL-2/K b , p < 0.0005; LM versus LM-IL-2/K\ p < 0.005. 



— Naive 

— Re-Challenge 


Fig. 5. Long-term immunity in mice with glioma that survived prior treatment with IL-2 secreting 
allogeneic fibroblasts. Six C57B1/6 mice surviving 90 d after prior injection of G1261 cells and LM-IL- 
2/K b fibroblasts were injected through the same right frontal burr hole a second time with 5 .Ox 1 0 4 G126 1 
cells alone. As a control, eight naive C57B1/6 mice were injected ic with an equivalent number of G1261 
cells alone. MST for the untreated naive animals injected with tumor cells was 23. 4± 4.1 d, and 36.2 ± 
7.2 for the animals that had previously been vaccinated with LM-IL-2/K b cells and re-challenged with 
tumor cells. The four animals that were still alive at the conclusion of this experiment all of which had 
previously been treated with LM-IL2/K b cells survived for longer than 90 d without evidence of any 
neurologic deficit, p < 0.01 for the difference in survival of mice in the two groups. 
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DISCUSSION 

The efficacy of active tumor immunotherapy with cytokine-transduced syngeneic or allo- 
geneic fibroblasts has been reviewed in this paper. Intracerebral injections with IL-2 trans- 
duced allogeneic fibroblasts generated systemic anti-tumor immunity capable of eradicating 
brain tumors. In particular we constructed a cellular vaccine with enhanced anti-tunror effec- 
tiveness by transducing LM cells, a mouse fibroblast cell-line expressing defined MHC- 
determinants (H-2 k ), with a modified retroviral vector that specified the gene for IL-2. C57BL/ 
6 mice (H-2 b ) injected ic with a mixture of G1261 glioma cells and LM cells (H-2 k ) modified 
for IL-2 secretion (LM-IL-2) survived significantly longer than mice in various other treat- 
ment groups. The anti-tumor immune responses in the tumor-bearing mice were mediated 
predominantly by CD8 + and NK/LAK cells. This cellular vaccine was effective in treating a 
pre-existing tumor and in protecting against the development of a malignant glioma when 
vaccine is administered intracerebrally. Of special interest, mice injected ic with the cytokine- 
secreting allogeneic cells alone exhibited no neurologic deficit and there were no adverse 
effects on survival. The injection of cytokine-secreting allogeneic cells into the microenviron- 
ment of an intracerebral tumor is hypothesized to induce an anti-tumor immune response 
capable of prolonging survival. 

The toxic effects of cytokines in the CNS may limit the quantity that can be administered 
(34-36). Neurologic effects have been seen in animals injected intracranially with syngeneic 
cytokine-secreting cells. The co-implantation into the rat brain of syngeneic (RG-2) glioma 
cells and RG-2 cells modified by retroviral transduction to secrete IL-2 or IFN-y resulted in 
short-term cell mediated anti-glioma responses. However the survival of the tumor bearing 
rats was not prolonged, and the animals died from secondary effects including severe cerebral 
edema (37). The toxicity of a cellular-based cytokine gene therapy for tumors is likely to 
depend in part on the survival of the genetically modified cells in the CNS. We investigated 
the survival of an allogeneic IL-2 secreting vaccine in the CNS by two different means: PCR 
and bioassay (38). We found that the survival of allogeneic cells in the CNS was less than 28 d. 
The cells like other allografts were rejected. The cells were well tolerated, and the animals did 
not demonstrate any significant neurologic or systemic toxicity. This suggests that cytokine- 
secreting allogeneic cells may serve as a useful vehicle for the safe delivery of cytokines into 
brain tumors, and supports the possibility and safety of using a monthly retreatment schedule 
in a clinical protocol. Most of the systemic toxicities of IL-2 therapy should be avoided by the 
introduction of the gene for IL-2 directly into the tumor mass, resulting in primarily local 
concentrations of the cytokine. This form of treatment is particularly attractive in the treatment 
of primary gliomas, since these tumors usually only recur locally and are rarely metastatic. 

More recently, the use of a small ic cannula enables one to inject the treatment cells directly 
into the tumor bed on numerous occasions (26). This allows us to investigate both “protective” 
vaccine strategies using pretreatment via the cannula prior to tumor injection as well as the 
effect of the vaccine on the treatment of an established tumor. One of the major concerns 
related to the immunologic treatment of brain tumors is the effect of the blood-brain barrier 
(BBB) on the development of a host immune response in the CNS . Studies using IL-4 secreting 
plasmacytoma cells implanted into the brains of nude mice along with human glioma cells 
demonstrated a dramatic eosinophilic infiltrate in regions of necrotic tumor, suggesting that 
an immune response can take place against a tumor of the CNS in situ. The response, however, 
was non-T-cell dependent (26). We found that a specific and significant systemic immuno- 
cytotoxic response (by 51 cromium release assay) was present in animals with an ic glioma 
treated with allogeneic IL-2 secreting fibroblasts administered intracerebrally (25,40). Thus 
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the secretion of IL-2 by the cellular immunogen, or an immunogenic derivative of the cells, 
may have altered the BBB, enabling the immunogen to reach the spleen and lymph nodes in 
the periphery ( 41 , 42 ). 

Although preclinical studies with cytokine gene therapy appear promising ( 15 , 26 , 43 - 46 ), 
clinical trials for brain tumors have been limited. Some of these trials have involved immu- 
nization with tumor cells modified with the IL-2 gene ( 21 ), the IL-4 gene ( 47 ), or TGF-(32 
antisense gene ( 48 ). A number of different vaccination strategies are also currently being 
evaluated ( 49 , 50 ). The approaches to vaccination with TAAs include those based on: (1) 
defined antigens or antigenic peptides, (2) tumor cell lysates or lysate fractions, and (3) whole 
irradiated tumor cells or apoptotic tumor cell bodies. Vaccines prepared using TAAs or TAA- 
derived epitopes presented by APCs or fed to dendritic cells (DCs) are in early clinical trials 
for patients with gliomas ( 51 - 54 ). Many investigators use vaccines composed of defined 
tumor antigens. However, defined antigens have to be identified and purified, a tremendous 
effort requiring an “antigen discovery” approach. The quantity of purified antigen must be 
increased, to enable multiple immunizations of the cancer patient. Whereas new TAAs are being 
discovered, the question of which TAA to be used in the vaccine is uncertain and extensively 
debated. The choice of TAA is not a trivial decision. Not only are isolation and purification 
of TAAs or antigenic peptide highly labor intensive, but it remains uncertain whether or not 
TAA/peptide based vaccines are superior to tumor-cell vaccines. Selection of the immunizing 
antigen is generally based on its abundant expression in the tumor and lack of expression in 
normal tissues. Few antigens meet this criterion, and those that do may not always be immunogenic. 
The heterogeneity of antigen expression in the tumor cell population is likely to be a concern. 
Some tumor cells may not express the antigen chosen for therapy, de Vries, for example ( 55 ) 
found that expression of known tumor antigens such as gplOO and tyrosinase was variable in 
different melanoma lesions in the same patient. Not all the malignant cells in the patient’s 
neoplasm expressed these determinants. Since the tumor cell population is heterogeneous, 
tumor cells that fail to express the defined antigen chosen for therapy are likely to escape 
destruction by the activated immune system. They could be the source of recurrent tumor. 

The use of tumor lysates, lysate fractions or apoptotic tumor bodies for vaccination over- 
comes some of these limitations. However, preparation of the vaccine requires the availability 
of autologous tumor, often in substantial quantities. V accines have been prepared by culturing 
patient-derived DCs, and then pulsing or “feeding” the cells tumor lysates or apoptotic bodies. 
However, DC-based vaccines are laborious and costly to prepare. Their efficacy in generating 
anti-tumor immune responses capable of tumor rejection remains unproven. In all cases, the 
optimal adjuvant, protein or peptide concentration, the ratios of DCs or apoptotic bodies, and 
routes of delivery as well as immunization schedules remain undefined. They may be critical 
for success. Immunization by injection of “naked” plasmid DNA or RNA encoding a tumor 
antigen is also currently under evaluation. However, as for immunization with defined anti- 
gens, there is a danger that the antigen specified by the polynucleotide chosen may not be the 
most appropriate for CTL or helper T-cell generation. Anichini et al. found ( 56 ) that CTLs in 
melanoma patients are not always directed toward known melanoma antigens, such as Melan- 
A/Mart-1, MAGE-3, gplOO, or tyrosinase. The implication is that there are multiple other 
tumor antigens, in addition to those previously identified that are expressed by different cells 
that comprise the malignant cell population. Only certain of these TAAs are able to induce 
tumor specific immune responses. The identification of the most “clinically relevant” tumor 
antigen cannot always be accomplished a priori, without extensive preclinical studies. Even 
then, subsequent validation in the patient may not confirm that these are “tumor rejection” antigens. 
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Another strategy involves preparation of vaccines by transfer of tumor DNA into nonma- 
lignant fibroblast. The major advantage of this approach is that TAAs do not have to be 
purified or produced in large quantities. DNA-based vaccines are able to elicit robust and long- 
lasting activation of the immune system, which results in tumor rejection ( 57 , 58 ). In compari- 
son with protein vaccines, DNA-based vaccines provide prolonged expression and direct 
presentation of tumor antigens. This offers an opportunity for the development of effector as 
well as memory immune responses to many different epitopes encoded by the tumor-derived 
DNA. From a practical point of view, these vaccines are easy and relatively inexpensive to 
prepare. Unlike other strategies, vaccines can be prepared from only a limited quantity of 
tumor-derived DNA, which can be obtained from small surgical specimens. Furthermore, the 
recipient fibroblasts can be selected to meet the requirement for rapid expansion in culture and 
MHC restriction. The DNA-based vaccines offer a number of important advantages, which 
greatly encourage their further development for cancer immunotherapy. 

In summary, our studies suggest that Immuno-Gene therapy using IL-2 secreting fibro- 
blasts as a cellular vaccine can be useful as a new therapeutic approach in treatment of a 
primary or metastatic intracerebral tumor especially when the tumor burden is small or at the 
time of tumor resection. The use of cytokine secreting tumor vaccines as a “protective treat- 
ment” introduced following tumor resection hopefully will play an important role in delaying 
tumor recurrence. We believe that this is where immunotherapy is most promising. 
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Summary 

Over the last decades, progress has been made in diagnostic imaging, surgical techniques, radio- 
therapy, and chemotherapy for the treatment of tumors of the central nervous system. However, the 
outcome for patients with high-grade gliomas (HGG) has remained essentially unchanged. The use of 
monoclonal antibodies (MAbs), either unarmed or armed, to target and kill HGG cells has appeared 
as a prospective adjuvant therapeutic option. The potential of this approach is being investigated in a 
large number of clinical trials currently in progress for patients with HGG; the encouraging results of 
some of these phase I/II trials will be summarized here. 

In this chapter, we review the critical components for the safe, efficient, and practical implemen- 
tation of MAb-based immunotherapy for HGG patients as well as the current and future targetable 
antigens and their corresponding monoclonal antibodies. 

Key Words: Glioma; glioblastoma; anaplastic astrocytoma (AA); tumor antigen; monoclonal 
antibody (MAb); radioisotope; radiotherapy; immunotoxin; clinical study. 

INTRODUCTION 

High-grade gliomas (HGG) remain resistant to current standard treatments including 
aggressive surgical resection, external beam radiotherapy, and cytotoxic chemotherapy. 
The use of monoclonal antibodies (MAbs) has emerged as a potential adjuvant therapeutic 
modality with the additional advantages of specifically and more effectively targeting and 
killing tumor cells than conventional adjuvant treatments (radiotherapy, chemotherapy) which 
are self-limited by cytotoxicity to normal tissues. Although the principle of an antibody-based 
tumor immunotherapy was published more than 60 yr earlier (1,2), glioma patients were not 
enrolled in clinical studies until the early 1960s when iv-administered 131 I-labeled polyclonal 
antibodies were used to target human glioblastoma multiforme (GBM) (3,4) or fibrinogen on 
intracranial tumors, including gliomas (5). In these studies, the radiation dose that was con- 
veyed to the tumor was sufficient for imaging but not for therapy. It was only with the 
development of new technology to obtain MAbs with defined affinity and specificity for a 
tumor-associated antigen (6) (Ag) that the use of antibody-mediated therapy could be realis- 
tically envisioned. 
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The use of MAbs to localize within a tumor in vivo or to function as an immunotherapeutic 
agent require that several critical factors are met, including: Ag accessibility (external surface 
of the cell membrane or extracellular localization); Ag stability (lack of shedding; internal- 
ization), and sufficient density within the tumor; high specificity, affinity and stability of the 
targeting MAb; and reasonable MAb transport kinetics within the tumor (dependent on tumor 
vascularity, vascular permeability, extracellular fluid dynamics, interstitial pressure). The 
route of administration is also important as the limited permeability of the blood-brain (BBB) 
and blood-tumor (BTB) barriers restricts the use of systemic injection ( 7 ). 

In this chapter, we first address the nature of existing MAb constructs, their cytotoxic 
mechanisms including those that are intrinsic (unarmed MAb) or acquired (armed MAb), and 
the various administration routes available to optimize target reactivity, as these are some of 
the most critical components that determine whether a MAb will effectively interact with a 
targeted tumor. We then review the various targetable HGG Ags and their corresponding 
MAbs. 


ESSENTIAL CRITERIA IN THE PREPARATION 
OF MONOCLONAL ANTIBODY-BASED THERAPY 
Selection of the Monoclonal Antibody Format 

The MAb molecular format must be compatible with the biology and macroscopic appear- 
ance (size, shape) of the targeted tumor as well as the characteristics of the possible radioactive 
or toxic conjugate, and the intended administration route ( 7 ) (Fig. 1). 

Murine Monoclonal Sntibodies 

Murine MAbs currently constitute the reference standard. The vast majority of MAbs 
investigated for immunotherapeutic purposes are murine immunoglobulins despite the fact 
that their clinical use is potentially affected by human anti-mouse antibody (HAMA) forma- 
tion following systemic injection. Immune complexes consequently accelerate Mab clear- 
ance from the circulation, thus lessening their therapeutic potential. More radical responses 
such as hypersensitivity or allergy are also possible ( 8 , 9 ). MAb-based treatment of high- 
grade gliomas is, however, frequently approached on a compartmental administration basis. 
As MAbs eventually find their way into the systemic circulation, the HAMA-induced sys- 
temic clearance may confer more advantageous compartment-to-blood and/or tumor-to-blood 
ratios, which is critical from a therapeutic standpoint ( 7 ). 

Chimeric Human/Mouse, Humanized, and Fully Human Monoclonal Antibodies 

Chimeric human/mouse MAbs have been engineered to be less immunogenic in humans as 
only the antigen- binding variable regions are of murine origin ( 10 , 11 ). Chimeric MAbs con- 
taining human constant regions of the IgG2 or IgG4 sub-class are more appropriate for MAb- 
based immunotherapy as Fc-receptor binding is diminished. In consequence, nonspecific 
binding (i.e., liver, spleen, bone marrow) and activation of antigen-dependent cytotoxicity 
(ADC) and complement-dependent cytotoxicity (CDC) are decreased ( 12 , 13 ). Moreover, IgG2 
chimeric MAbs benefit from the stiffness of the human IgG2 hinge region which enhances the 
stability of the MAb and, in comparison with murine counterparts, translates into better in vivo 
tumor localization ( 14 - 16 ). Nonetheless, the presence of murine domains is sufficient to 
trigger an immune response from the treated host ( 17 , 18 ). Thus, humanized MAbs have been 
engineered with the aim of further limiting the presence of potentially immunogenic regions. 
The humanization process consists of the insertion of the murine complementarity-determin- 
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Murine 

Human 


Humanized mAb 



F(ab *) 2 



scFv 



(scFv) 2 dimer * 




Diabody 


scFv -CH3 
minibody 


Fig. 1 . (A) Structure and legend of an intact IgG MAb. (B) Structure of a murine MAb, a chimeric human/ 
murine MAb construct with hybridization of domains of murine and human origin, and a humanized 
MAb with murine CDRs grafted within a human Ig. (C) Schematic structure of various fragment MAbs 
(legend: see A); covalently-bound scFvs after C-terminal incorporation of cysteine residue; peptide 
linker version not represented. 


ing regions (CDRs), which are responsible for binding to the antigenic epitope, into a human 
IgG framework ( 19 - 21 ). In recent studies, fully human MAbs have been generated using mice 
genetically-engineered (XenoMouse®) to produce human IgGs 22 or from scFv and Fab frag- 
ment MAbs produced by human naive phage display libraries ( 23 ). 

Monoclonal Antibody Fragments 

MAb fragments can present a range of advantageous features such as decreased immuno- 
genicity, lack of immunogenic and cell-receptor binding Fc region, more prompt systemic 
clearance, and better diffusion into the tumor tissue ( 7 ). 

F(ab’) 2 MAb fragments (110 kDa) retain divalent binding capacity and F(ab’) 2 fragments 
of chimeric IgG2 MAbs benefit also from the rigid IgG2 hinge region as the rate of in vivo 
inter-chain cleavage is reduced ( 24 ). Single-chain scFv fragments are monovalent 26 kDa 
molecules containing only one heavy- and one light-chain variable domain ( 25 ). Affinity for 
the antigenic epitope is reduced as they have a single binding site ( 9 , 26 ) but fragments with 
very high affinity can be isolated using phage display ( 27 ), and affinity-maturation processes 
have also significantly enhanced this decisive aspect of the Ag-MAb binding dynamic ( 25 ). 
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Because of their small size, a more widespread and homogenous tumor tissue penetration can 
be expected (28). However, systemic clearance is expedited (9,26), which may restrict the use 
of scFvs for M Ab-based targeted radiotherapy because of rapid renal irradiation, unless scFvs 
are labeled with short half-life radionuclides such as 7.2-h astatine-211 ( 2ll At) (7). Starting 
from the basic scFv unit, divalent diabodies and (scFv) 2 dimers, and multivalent scFvs all have 
been engineered (9,12,29). 

Minibodies 

Minibodies consist of two scFvs joined by genetic fusion to a human IgG 1 hinge region and 
CH3 domain (30,31). Asa consequence of their intermediate molecular weight (80 kDa) and 
divalent nature, they have the attractive capability of minimizing many of the disadvantages 
that the larger entire MAbs and the smaller monovalent scFv fragments display (7). 

Selection of the Mechanism to Achieve Tumor Cell Toxicity 

Many MAbs can intrinsically kill targeted tumor cells to which they attach. When this is 
not the case, advantage can be taken of their Ag-binding capability in order to convey a 
radioactive or toxic load to the tumor cell. 

Unarmed Monoclonal Antibodies 

Possibly the most interesting model of unarmed MAb cell killing is provided by the anti- 
epidermal growth factor receptor (EGFR) MAbs, whose mechanism of action interferes with 
cellular biomolecular and signaling activity as cells are set on an apoptotic course or vital 
cellular pathways are shut down (32). Anti-EGFRvIII MAbs also display the capacity to 
prevent tumor cell proliferation in in vitro experiments and, in vivo, to extend the survival of 
mice previously inoculated subcutaneously or intracranially with EGFRvIII-expressing 
xenografts, after administration via either the systemic or intratumoral route (33). 

Radiolabeled Monoclonal Antibodies 

Radionuclides are characterized by the type of particle emitted, amount of energy trans- 
ferred, half-life, and radiation range. These are critical criteria to take into consideration when 
targeting a tumor of a particular size, geometry, and localization. A summary of the charac- 
teristics, advantages, and drawbacks of the most important radionuclides for the targeted 
radioimmunotherapy of HGG is provided in Table 1. Other important factors for radioim- 
munotherapy include the clinical pharmacokinetics of the carrier moiety it is labeled to, as well 
as the strength of the conjugation linkage, which can vary with the labeling technique employed 
(7,34). 

Radioisotopes most commonly used for targeted radiotherapy of HGG are iodine- 131 
( 131 I) and yttrium-90 ( 90 Y), both (3-particle emitters. 131 I, with its 910 pm radiation range in 
tissue, is optimal for radiotherapy of small lesions. However, clinical use of 131 I is compli- 
cated by the emission of medium-energy y-rays, which requires additional protective mea- 
sures for the patient’s surroundings (34). The longer-range (3900 pm) 90 Y is an exclusive 
(3-particle emitter routinely available and best suited to target a larger tumor bed area. Its 
main drawback is the lack of y-emissions which complicates the ability to image its 
biodistribution in preclinical and clinical investigations (34). A third (3-particle emitter of 
promise for radiotherapy of HGG is lutetium-177 ( 177 Lu). Its short-range (3-particle radia- 
tion (670 pm) is most effective for targeted radiotherapy of smaller tumors, for instance 
post-surgical resection tumor residues or micro-metastasis, while y-ray emissions permit 
the tracking and imaging of the radiolabeled MAb (34). Another radionuclide of noteworthy 
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Table 1 


Characteristics, Clinical Indications, Advantages, and Drawbacks of the Radionuclides 34 
Most Relevant to the Rargeted Radioimmunotherapy of HGG Using Specific MAbs 
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close/within nucleus 
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when localized 

required; 125 I half-life 







within cell DNA 

too long 


Abbr: LET : linear energy transfer. 

Notes: *a-particle emission by 211 Po daughter. 
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interest for treatment of micro-metastasis, disseminated or thin-sheeted tumors such as 
neoplastic meningitis, or a residual tumor margin is the 7.2-h half-life a-particle emitter 
21I At. The very high decay energy combined with the short range of tissue over which it is 
distributed (55-70 pm) confer on 21I At a linear energy transfer (LET) of about 97 keV/pm. 
In comparison, the LET of the (3-particles emitted by 90 Y is 0.22 keV/pm (34). Moreover, 
when an 211 At-labeled MAb is internalized within the nucleus of a targeted tumor cell, 
additional lethal damage can be inflicted to the cell by emission of a-particle recoil nuclei 
(35). 

Immunotoxins 

An immunotoxin is the product of the conj ugation, chemical or genetic, of a toxin to a MAb. 
Although the mechanism of action may vary with the toxin, internalization is always a pre- 
requisite and inhibition of protein synthesis is the lethal end result. If internalization can be 
achieved, uptake of one immunotoxin molecule can suffice to effectively kill the targeted 
cell (36,37). With the exception of ligand-based immunotoxins or “fusion” toxins, such as 
Tf-CRM107 (a transferrin-receptor ligand conjugated to a diphtheria toxin mutant) or TP-38 
(TGF-a, an EGFR ligand, conjugated to a variant of the Pseudomonas exotoxin PE-38), no 
MAb-based immunotoxin is involved at this time in clinical trials for patients with HGG (7). 
In preclinical investigations, however, the modified Pseudomonas exotoxin PE38 conjugated 
to an anti-EGFRvIII scFv showed encouraging results in an animal model of EGFRvIII- 
expressing neoplastic meningitis; following intrathecal administration, long-term survivors 
were observed and median survival was dramatically increased (38). 

Selection of the Administration Route 

Systemic Administration 

The efficacy of MAb-based targeted therapy of HGG using the vascular injection route, 
whether intravenous (iv) or intracarotid (ic), has repeatedly been limited by the relative 
impermeability of the BBB and BTB. Clinical studies have shown that, after systemic admin- 
istration, only a small fraction of the injected dose of radiolabeled intact MAbs and F(ab') 2 
fragments can be found within the intracranial tumor (0.001-0.005% ID/g) which is insuffi- 
cient for therapeutic purposes ( 39,40). Targeting tumor Ags that are not sequestrated from the 
systemic circulation by the BBB and BTB, such as the vascular endothelial growth factor 
receptor (VEGFR), may improve the relative tumor localization of systemically administered 
MAbs (7). Furthermore, the bradykinin analogue RMP-7 has been intensely investigated to 
disrupt the BBB. Following ic injection in rats previously inoculated intracranially with 
glioma cells, penetration of dextran (70 kDa) within the intracranial tumor was augmented by 
RMP-7 (41). Thus, mechanisms to disrupt the BBB and BTB may eventually permit the 
effective use of the systemic route for MAb-based immunotherapy of central nervous system 
(CNS) tumors such as HGG. 

COMPARTMENTAL ADMINISTRATION 

Compartmental administration of tumor-targeting MAbs represents a strong alternative to 
the systemic route as it limits nonspecific systemic exposure, allowing for higher treatment 
dose injection, and bypasses the BBB and BTB, increasing the amount of MAb localizing to 
the targeted tumor. The most commonly used injection route for patients with HGG is 
intralesional, whether intratumoral for large lesions, or intracavitary for cystic gliomas or 
when a tumor resection cavity is surgically-created (SCRC). 
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Intratumoral injection and diffusion thereafter into the tumor tissue or brain parenchyma 
is restricted by the diffusion capacity of the therapeutic compound. The latter is determined 
by the size of the compound, its concentration gradient, and the rate of physiological elimi- 
nation (42). Tumors often have an elevated interstitial pressure which constitutes an additional 
impeding factor to distant and homogenous diffusion of the MAb (43). However, efficacy of 
intratumoral administration is greatly enhanced using convection-enhanced delivery (CED), 
discussed elsewhere in this book. The main objective of intracavitary injection following 
surgical-resection of the HGG is to eliminate residual tumor cells infiltrating the surrounding 
brain parenchyma, which are the probable cause of a majority of recurrences, regardless of 
post-operative adjuvant irradiation to the tumor bed (44). 

When tumor cells penetrate into the intrathecal and subarachnoid space and metastasize 
along the leptomeninges, the subsequent neoplastic meningitis carries a dramatically poor 
outcome despite chemotherapy and radiotherapy of the entire neuroaxis. MAbs administered 
into the intrathecal or intraventricular compartments circulate via the cerebrospinal fluid 
(CSF) stream along the brain and spine to the disseminated leptomeningeal tumor cells (7). 
However, one must bear in mind that compounds injected in the lumbar area may not effec- 
tively reach the lateral ventricles because of a unidirectional flow pattern (45). 

HIGH-GRADE GLIOMA ANTIGENS 
AND CORRESPONDING MONOCLONAL ANTIBODIES 

The majority of Ags initially targeted by antibodies were not tumor-specific but rather 
tumor-associated and therefore exhibited variable cross-reactivity with normal tissues. How- 
ever, Ags expressed by a brain tumor but not the normal brain or spine can be considered 
tumor-specific, or operationally specific, within the CNS compartment. Effective tumor tar- 
geting can thus be achieved by administration of the corresponding MAb within the CNS 
compartment (8). The current and most therapeutically pertinent molecules that have been 
exploited as HGG targets and their respective MAbs are discussed below. A summary of these 
and other MAbs involved in clinical trials for patients with malignant glioma is provided in 
Table 2. 


Tenascin 

Tenascin is a large extracellular matrix protein expressed in the normal adult kidney, liver, 
spleen, and papillary dermis (46,47) but not in the normal brain. Its expression is increased in 
malignant gliomas (>90%) as well as some carcinomas and mesenchymal tumors (48,49). An 
increase in tenascin expression is observed in correlation with increasing glioma histopatho- 
logical grade as well as angiogenesis (50,51). The anti-tenascin MAbs BC-2 and BC-4 (44), 
and 81C6 (52) have been investigated in numerous clinical trials for patients with HGG in 
Europe and the United States, respectively. 

131 I-labeled BC-2 and BC-4 have been investigated in large clinical trials after intracavitary 
administration via surgically-implanted catheters in patients with malignant glioma. The 
catheters were placed following maximal tumor resection during which a SCRC was created, 
if possible. In these trials, median survival was increased to 23, >46, and 19 mo for patients 
with anaplastic oligodendroglioma (AO), anaplastic astrocytoma (AA) and GBM, respec- 
tively, and no significant toxicity was observed ( 53 ). In an ongoing study, involving a similar 
patient population treated with intracavitary 90 Y-labeled BC-4, patients with GBM have a 
median survival of 17 mo and 85% of those with AA were alive after 5 yr (44). BC-4 has also 
been introduced in a phase I/II trial for patients with recurrent malignant glioma using the 
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Table 2 

Clinical Trials With MAbs for Patients With HGG f 


MAb 

Targeted antigen 

IgG format 

Conjugate 

Targeted tumor 

Injection route 

Trial phase 

Reference 

81C6 * 

Tenascin 

Murine 

131 J 

Leptomeningeal tumor/ 
brain tumor with 

SCRC - subarachnoid 

IT 

I 

Brown et al., 1996 





communication 






Murine 

131 I 

Malignant glioma 

SCRC 

II 

Reardon et al., 2002 



Chimeric 

13I I 

Malignant glioma 

SCRC 

I 

Reardon et al., 

(unpublished data) 



Chimeric 

21 ‘At 

Recurrent malignant 

SCRC 

I 

Zalutsky et al., 2002 





glioma 






Chimeric F(ab’) 2 

131 I 

Recurrent malignant 

SCRC 

I 

Boskovitz et al., 2004 





glioma 




BC-1 (AS 1405) * 

(B-l-)-fibronectin 

Murine 

1 "In/ 90 Y 

Recurrent GBM 

SCRC 

I 

www.antisoma.com 

BC-2/BC-4 * 

Tenascin 

Murine 

131 I 

Malignant glioma 

ITum/SCRC 

II 

Riva et al. 2000 

BC-4 * 


Murine 

90y 

Malignant glioma 

ITum/SCRC 

II 

Goetz et al., 2003 

Biotinylated BC-4 * 


Murine 

90 Y-Biotin 

Recurrent malignant 

IV 

I/II 

Paganelli et al., 1999 





glioma 






Murine 

90 Y-Biotin 

Malignant glioma 

IV 

Pilot 

Grana et al., 2002 

chTNT-1 (Cotara®)* 

Hl/DNA 

Chimeric 

131 I 

Recurrent GBM and A A 

ITum CED 

I/II 

www.peregrineinc. com 



Chimeric 

131 I 

Recurrent GBM 

ITum CED 

Registration 

xvww.peregrineinc. com 

ERIC-1 

NCAM 

Murine 

131 I 

Malignant glioma 

SCRC/ICyst 

Pilot 

Papanastassiou et al., 1993 

Mab 425 (EMD55900) * 

EGFR wt 

Murine 

Unarmed 

Malignant glioma / 

IV 

I/II 

Stragliotto et al., 1996 





recurrent mal. glioma 






Murine 

Unarmed 

GBM 

ITum 

I/interrupted 

Wersall et al., 1997 



Murine 

1 25 J 

High grade glioma 

IV/(IC) 

II 

Quang et al., 2004 

Mel- 14 

GP240 

Murine 

131 J 

Glioma/melanoma n 

IT 

Pilot/I 

Coakham et al., 1998 





oplastic meningitis 






Murine F(ab’) 2 

131J 

Glioma/melanoma n 

IT 

I 

Cokgor et al., 2001 





oplastic meningitis 




Trastuzumab 

(Herceptin®)* 

HER2 

Humanized 

Unarmed 

Recurrent GBM 

IV 

I/II 

www.virtualtrials.com 


Notes:* Active in clinical trials at time of publication. 

Abbr: IC, intracarotid; ICyst, intracystic; IT, intrathecal; ITum, intratumoral; IV, intravenous; SCRC, surgically-created tumor resection cavity; CED, convection- 
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three-step pretargeted antibody-guided radioimmunotherapy (PAGRIT) systemic approach. 
The purpose of this method is to limit the nonspecific radioisotope binding. Thus, a cold, 
biotinylated MAb is initially administered. Taking advantage of the high-affinity and speci- 
ficity of biotin-avidin binding, avidin and streptavidin are injected within 24 to 36 ho, fol- 
lowed, less than 24 h later, by 90 Y-labeled biotin. Results were encouraging as systemic 
toxicity was found acceptable and a therapeutic effect was detected ( 54 ) . In a subsequent pilot 
study, selected patients with newly-diagnosed malignant glioma treated with PAGRIT fol- 
lowing surgery and conventional radiotherapy had an increased median survival; however a 
randomized trial is necessary to determine the true potential of this promising treatment 
approach ( 55 ). The high immunogenicity of streptavidin is a major concern as multiple treat- 
ment cycles would most likely have to be avoided ( 54 ). 

81C6 is a murine IgG2b MAb that recognizes a tenascin isoform created by alternate 
splicing within the FN Ill-like CD region ( 48 ). This isoform is abundantly expressed by most 
primary human gliomas, human glioma cell lines, and glioma xenografts in nude mice and rats 
but not by normal adult or fetal brain ( 48 , 56 , 57 ). 13, I-labeled 81C6 has been investigated in 
patients with malignant gliomas via injection into the SCRC. Phase I studies identified the 
maximal tolerated dose (MTD) to be: 120 mCi for patients with newly diagnosed and previ- 
ously untreated HGG; 100 mCi for those with recurrent malignant glioma previously treated 
with conventional radiotherapy; and 80 mCi for patients with a SCRC communicating with 
the CSF or after administration in the intrathecal space ( 7 ). A phase II trial with 131 I-labeled 
81C6 (120 mCi) followed by conventional radiotherapy and chemotherapy in patients with 
newly diagnosed and previously untreated malignant gliomas achieved a median survival of 
86.7 and 79.4 wk for all patients and those with GBM, respectively ( 7 , 52 ). In Fig. 2, serial brain 
images of a patient from this series in whom long-term disease control was achieved are 
illustrated. Irreversible neurotoxicity developed in 15% of patients, but only occurred in 
patients where the SCRC was contiguous with, or immediately adjacent to, eloquent areas or 
motor cortex ( 7 , 52 ). Of note, only one patient required surgical resection of radiation necrosis. 
In comparison, other strategies to boost radiation to the resection perimeter, such as radiosur- 
gery or interstitial brachytherapy, are complicated by radionecrosis requiring resection in 30 
to 64% of cases ( 58 ). 

Extensive analysis of dosimetry performed during phase I studies with 131 I-labeled 81C6 
revealed a quantitative relationship between the absorbed dose and dose rate to the 2-cm 
SCRC shell and clinical as well as histopathological outcome (Fig. 3). The delivery of 44 Gy 
to the 2-cm SCRC shell was calculated to maximize tumor control and minimize damage to 
the normal brain ( 59 ). Thus, aphase II study incorporating administration of 131 I-labeled 8 1C6 
to deliver 44 Gy to the 2-cm margin of the SCRC has been initiated. In addition, phase I trials 
have determined the MTD of 131 I-labeled human/mouse chimeric 8 1C6 (ch8 1C6) to be 80 mCi 
when administered into the SCRC of patients with newly diagnosed or recurrent malignant 
glioma. ch81C6 exhibits greater intracavitary retention compared with its murine parent and 
therefore may be associated with greater anti-tumor activity. However, it also exhibits a longer 
systemic clearance half-life, contributing to greater hematologic toxicity (Reardon et al.; 
unpublished data). A phase II study with 13l I-labeled ch81C6 is nearing completion and will 
better define its potential therapeutic benefit as well as its toxicity. A F(ab') 2 MAb fragment 
of ch81C6 has been developed which, when compared with the intact chimeric MAb, dem- 
onstrated similar affinity for the antigenic epitope of tenascin. After iv injection in subcuta- 
neous tenascin-expressing tumor-bearing mice, tumor localization was comparable for 24 h 
although systemic elimination of the F(ab’ ) 2 fragment was accelerated ( 24 ). A phase I study with 
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Fig. 2. Postoperative serial magnetic resonance imaging (MRI) analysis of the brain from a patient with 
a newly diagnosed right frontal lobe glioblastoma. Images taken immediately after the surgery show the 
presence of a (A) SCRC with (B> a signal-enhancing rim and (C) significant surrounding edema. Patient 
was thereafter treated with SCRC injection of 120 uCi of 131 I-labeled anti-tenascin 8 1C6 MAb, conven- 
tional radiotherapy, and chemotherapy; serial MRI images taken at 5, 17, 46, and 80 wk demonstrate 
shrinkage of the remaining enhancing region and regression of the edema (Reprinted with permission 
from ref. 52). 



Absorbed Dose (Gy) 

Fig. 3. Based on the histopathological examination of biopsy specimen obtained from patients treated 
for HGG with maximal surgical resection and injection of 131 I-labeled 81C6 into the SCRC, a qualitative 
relationship was shown between absorbed dose and dose rate to the 2-cm SCRC shell and the clinical 
and histopathological outcome. An absorbed dose of 44 Gy was determined as optimal to minimize the 
risks for both tumor recurrence and radiation-induced damage to the normal brain (Reprinted with 
permission from ref. 59). 


SCRC injection of 131 I-labeled ch81C6 F(ab') 2 for patients with recurrent HGG has been 
initiated. In another phase I trial performed in a similar patient population, the SCRC admin- 
istration of 21l At-labeled ch81C6 is being investigated (60). As the half-life of 211 At is only 7.2 
h and the chimeric construct exhibits excellent in vivo stability, an estimated 98.2% of the 
decays occur in the SCRC. In addition, because of its shorter irradiation range, the SCRC 
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interface-to-normal brain dose ratio of 211 At is increased by 150-fold compared with that 
observed in this setting for murine 81C6 labeled with 131 I (61). No dose-limiting toxicities 
have been observed and the MTD for intracavitary 2II At-labeled 81C6 has yet to be deter- 
mined. 


Epidermal Growth Factor Receptor and its Variant III Form 

The EGFR is involved in signal transduction mechanisms critical to cell differentiation, 
proliferation, motility, and invasion as well as angiogenesis (62). EGFR expression is found 
in a large number of normal tissues (63) as well as in numerous malignancies. With regard to 
expression in brain tumors, 27 to 57% of astrocytomas, 71 to 94% of AA, and 60 to 90% of 
GBM express the EGFR protein (51). The EGFR-encoding gene is amplified in 37 to 58% of 
GBMs and its amplification has been correlated with an increasing tumor grade (64,65). 
However, the EGFR protein was overexpressed without genetic amplification in 12 to 38% 
of GBM, indicating that additional translational and post-translational processes may increase 
EGFR expression (32). 

N umerous anti-EGFR MAbs have been produced, among them the MAb 425 (EMD55900), 
which has been introduced in a phase I trial where it is administered using the intratumoral 
route in patients with primary or recurrent GBM. The study was discontinued as a result of 
severe local inflammatory reaction and tumor necrosis in some cases (66). No significant 
toxicity was observed after iv injection of MAb 425 in patients with malignant glioma. How- 
ever, no therapeutic effect was found either in a phase I/II trial for patients with recurrent HGG 
(67,68). 

Radiolabeled anti-EGFR MAbs were involved in the first targeted radioimmunotherapy 
trials via systemic injection in patients diagnosed with glioma ( 69-71 ). Phase II clinical trials 
using iv or ic 125 I-labeled MAb 425 following surgery and conventional radiotherapy for 
patients with HGG showed an improvement in median survival with this treatment (72), 
prompting the continuation of the study using the iv injection route (7). 

The EGFR variant III (EGFRvIII) protein lacks part of the extracellular domain of the wild- 
type (wt) EGFR as a result of genetic rearrangements of the EGFR encoding region (73). 
Because it is expressed exclusively in tumors, EGFRvIII is a more attractive therapeutic 
epitope than its full-length parent. EGFRvIII protein expression is found in 5 8 to 67% of GBM 
(74,75) although more recent studies reported a lower incidence of 21 to 43% (73). Other 
HGG, such as AA, express EGFRvIII at a significantly lower rate (73). Of note, EGFRvIII 
expression has also been suggested as a negative prognosis factor for GBM (75,76). Subcu- 
taneous and intracranial EGFRvIII-expressing tumor-bearing mice survived longer after in- 
traperitoneal and intratumoral injection, respectively, of the EGFRv Ill-specific Y10 MAb 
(33). Other important anti-EGFRvIII MAbs include L8A4, which has been produced in both 
murine and chimeric human/murine formats (77). The anti-EGFRvIII scFv fragments MR1 
and its affinity-matured analogue MR 1-1 also have been generated (25). Despite encouraging 
results from in vivo preclinical investigations (7), none of these EGFRvIII-specific MAbs 
have reached the clinical investigation stage at this date, although an investigational new drug 
(IND) permit should be filed imminently for MRl-ldsFvPE38KDEL, a recombinant 
immunotoxin composed of a disulfide-stabilized (dsFv) version of MR 1-1 and the genetically 
engineered Pseudomonas exotoxin, PE38KDEL. 

Of note, a phase I/II trial using iv injection of trastuzumab (Herceptin®), which specifically 
recognizes the human transmembrane protein HER2 (also known as EGFR-2 or Erbb-2), has 
been initiated for patients with recurrent HER2/neu-positive GBM (7). 
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Histone/DNA Complex 

Necrotic foci are frequently found within certain tumors such as HGG, but not within 
normal tissues. Both normal and tumor cells contain histone/DNA complexes. However, as 
an abnormal contact interface exists between the contents of necrotic cells and the extracel- 
lular milieu, histone/DNA complexes can become visible to specific MAbs. The ability to 
localize immunotherapeutic compounds specifically within a necrotic focus constitutes the 
basis of the tumor necrosis treatment (TNT) strategy (78). Phase I and II trials have been 
initiated using Cotara®, the 131 I-labeled form of the anti-Hl/DNA complex chimeric MAb 
chTNT - 1 /B , administered intralesionally with the CED microinfusion system in patients with 
recurrent AA and GBM. Subsequently, a registration trial for patients with recurrent GBM 
was approved by the Food and Drug Administration (7) ( www.peregrineinc.com ). 

(B + )-Fibronectin 

Fibronectins are high-molecular- weight glycoproteins located in body fluids and the extra- 
cellular matrix of tissues. High levels of expression of the (B + )-fibronectin isoform are found 
in fetal tissues but remain practically undetected in adult tissues, with the exception of the 
regenerating endometrium. This molecule is also expressed in tumors, particularly in the 
vicinity of developing blood vessels and a responsibility in the angiogenic process has been 
suggested. As malignant gliomas are highly vascularised lesions, the (B + )-fibronectin may 
represent an attractive target for MAb-based immunotherapy (79,80). Patients with recurring 
GBM are being enrolled in a phase I study that evaluates the therapeutic efficacy of the 
(B + )-fibronectin-specific murine IgGl MAb BC-1. Following maximal surgical resection, 
11 'In-labeled BC-1 is administered into the SCRC to confirm the integrity of the cavity prior 
to the injection of 90 Y-labeled BC-1 (AS1405) (7,80) ( www.antisoma.com ). 

GP240 

GP240 is a cell-surface high-molecular-weight chondroitin sulfate proteoglycan expressed 
by a majority of gliomas, melanomas, neuroblastomas, and medulloblastomas. The anti- 
GP240 murine IgG2a MAb Mel-14 81 was involved in the first targeted radioimmunothera- 
peutic trials using the intrathecal route for patients with melanoma or glioma neoplastic 
meningitis ( 82 ). In another phase I trial, intrathecal administration of escalating doses (40-100 
mCi) of 131 I-labeled Me 1-14 F(ab') 2 MAb fragment in patients with neoplastic meningitis of 
various primary origins, including HGG, was evaluated (8). Of note, in one of the cases of 
neoplastic meningitis of melanoma origin, the patient was alive more than 7 yr following 131 I- 
labeled Me 1-14 F(ab') 2 injection (83). 

Prospective Antigens 

As mentioned earlier, the systemic administration section of this chapter, the vascular 
endothelial growth factor receptor (VEGFR) has the significant advantage of being readily 
accessible by MAbs following systemic administration (84). In vivo preclinical investigations of 
the DC 10 1 Mab, which binds to the VEGFR-2 (Flk- 1 ) receptor, indicated that neovascularization 
and tumor growth are inhibited after systemic treatment of mice bearing intracranial human 
GBM xenografts (85). DC101 has not been involved yet in clinical trials for patients with 
HGG. 

Gangliosides are glycosphingolipids expressed on the surface of normal cells prior to being 
internalized in lipid rafts (86,87). Both lacto-series gangliosides 3'-isoFMl and 3',6'-isoFDl 
have been detected in gliomas. Despite the fact that they are also expressed in normal brain 
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during the late fetal period and early after birth, they are generally not detectable after 2 yr 
age (88). Additionally, 3’-isoLMl is expressed for the most part on the edge of invasive GBM 
as well as on remote tumor cells that have infiltrated the brain parenchyma ( 89). Thus, effec- 
tive targeting of these cells may possibly help eliminate the most important source of recur- 
rence. However, despite the production of specific IgM MAbs (88), no anti-3'-isoLMl or 
3’,6'-isoLDl MAb of the IgG class is available at this time. 

Recently, two additional proteins have been identified as possible targets for MAb-based 
immunotherapy of HGG (7). GPNMB is a transmembrane glycoprotein whose encoding gene 
is expressed in malignant gliomas (64%) but not in normal tissues, including the brain (90). 
Furthermore, an association between GPNMB and invasive and metastatic tumor patterns has 
been observed (91 ). The multidrug resistance protein 3 (MRP3) is a complex transmembrane 
protein expressed in a majority of HGG (>80%) as well as in various normal tissues but not 
in the brain (92,93). Efforts to generate MAbs targeting cell surface or extracellular domains 
of GPNMB or MRP3 are ongoing (7). 

CONCLUSIONS 

The prognosis for patients with HGG has remained unchanged for more than 25 yr and 
continues to be grim. Despite the use of current multimodality therapy incorporating surgery, 
external beam radiotherapy, and systemic chemotherapy, the failure to eradicate local tumor 
growth is a major factor contributing to this poor outcome. However, during that same period 
of time, MAb therapy has emerged from a speculative approach to a realistic potential adju- 
vant treatment as illustrated by the number of existing immunotherapy clinical trials. In 
several studies, the administration of specific MAbs, most often radiolabeled, increased the 
survival of patients with HGG and was associated with lower toxicity than non-MAb based 
adjuvant therapies. 

Ongoing efforts are focused on further improving these immunotherapeutic procedures to 
make them more effective, less toxic to normal tissues, and more convenient. Preclinical 
research is attempting to optimize all the individual aspects of immunotherapy. As a result, 
MAb-based targeted therapy is gradually being better matched to the characteristics of the 
patient and his tumor, so that ultimately the use of an individualized combination of MAbs, 
based on the immunoreactive profile of the targeted tumor, may become a realistic approach. 
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Clinical Trials of Oncolytic 
Viruses for Gliomas 


E. Antonio Chiocca and M. L. Lamfers 


Summary 

There has been resurgent interest in the use of mutant or genetically engineered strains of viruses 
for the local treatment of gliomas. The clinical status of these agents is reviewed and further progress 
in this area with new agents is detailed. Safety in glioma patients has been shown, but anticancer 
efficacy needs additional refinements in the technologies employed. 

Key Words: Oncolytic vims; gene therapy; brain tumor; clinical trial; adenovirus; herpes sim- 
plex virus. 


INTRODUCTION 

Despite progress made in understanding the pathogenesis and molecular characteristics of 
malignant gliomas, successful treatment options for these tumors have not been established. 
The survival for these patients has not changed during the past several decades. One alterna- 
tive that has received considerable attention involves the use of viral therapy. Historically, 
scientific and clinical examples on the use of viruses to treat a variety of cancers have been 
published, but the seminal study by Martuza et al. provided a resurgence in interest for this 
type of research ( 1 ). This has progressed into attempts to study safety and effectiveness in 
clinical trials. Herein, we will review these trials and attempt to derive some insight into how 
this modality may evolve in the future. 

BASIC PRINCIPLES 

Viruses have evolved to efficiently infect human cells, usurp the cellular machinery, and 
replicate themselves into multiple progenies, which can, in turn, go on to infect other cells in 
the body. Advances in molecular virology have shown that these processes require an exquis- 
ite and carefully coordinated interaction between viral proteins and cellular proteins. For 
example, once inside the cell, the virus expresses proteins that interfere with cellular processes 
(e.g., to prevent apoptosis or induce cell-cycle progression). This ensures robust viral repli- 
cation and viral protein production, which eventually causes lysis of the infected cell and 
release of progeny virus that can infect neighboring cells, upon which the cycle is repeated. 
In this way, the virus is capable of disseminating throughtout solid tumor mass. 

The terminology “oncolytic virus” refers to viruses, which preferentially replicate in tumor 
cells as compared with normal cells (Fig. 1). Some naturally attenuated oncolytic viral strains 
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Fig. 1. An oncolytic vims will infect and replicate in tumor cells but not in normal cells. 
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Fig. 2. How are oncolytic viruses generated? A wild-type virus can be genetically re-engineered so that 
its tropism for normal cells is re-directed towards tumor cells. This has been done for adenovims and 
HS V 1 . It can also be re-engineered so that its replication inside a cell occurs preferentially if the cell is 
neoplastic. This is performed naturally by some viruses, such as reovirus, but most times genetic 
re-engineering is needed so that viral replication occurs in cells with defects in tumor suppressor 
pathways. Another avenue to ensure viral replication in tumor cells is to use tumor-specific promoters 
to drive expression of viral genes. In addition, anticancer cDNAs can be added to the mutant oncolytic 
viral genome to increase its cancer selectivity. 


exist that appear to replicate more efficiently in cancer cells than in normal tissue, whereas 
others acquire oncolytic qualities through genetic engineering (such as herpes simplex virus 
[HSV] and adenovirus) (Fig. 2). The tumor selectivity of oncolytic viruses occurs either 
during infection or replication. Oncolytic viral vectors based on adenovirus, herpes virus, 
poliovirus, and reovirus have all been described as therapeutic agents for malignant glioma 
( 1 - 12 ). Current research in this field is mainly focused on improving the tumor selectivity and 
oncolytic potency of these agents. 
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Table 1 

Potential Advantages and Disadvantages of HSV1 as an Oncolytic Virus 

Potential advantages of HSV 1 as an oncolytic vims 

• Can be genetically re-engineered to improve cancer selectivity 

• Can rapidly kill tumor cells (within 12-18 h) and produce 500-1000 progeny viruses 

• Can deliver/express in tumors multiple anticancer transgenes 

• Does not randomly insert into the cellular genome, minimizing the risk for additional mutagenesis 
events 

• Effective antitherpetic agents can be used to abort viral infection/replication, if necessary 
Has been used in human clinical trials for gliomas 

Theoretical disadvantages of HSV1 as an oncolytic virus 

• Pre-existing an innate immunity may limit the extent of tumor infection 

• Some of the more attenuated and less toxic mutants are difficult to produce to very high titers 

• Encephalitis, meningitis and inflammation are likely dose-limiting toxicities in humans 

• The mutant viral genome could recombine with wild-type HSV 1 and added transgenes could be 
passed onto a wild-type HSV-1 

• The mutant viral genome could change after multiple passages. 


LOCAL DELIVERY OF HERPES SIMPLEX VIRUS INTO GLIOMAS 

Herpes simplex virus type I (HSV-1) is an enveloped, double-stranded, linear DNA virus 
with a genome of 152 kb which encodes more than 80 genes. About one half of the genes are 
essential for viral replication whereas the other (nonessential) genes encode proteins which 
support the viral life cycle within the host cell. The major advantages and disadvantages of 
HSV-1 for tumor oncolysis are illustrated in Table 1. 

Several different strategies have been applied to generate tumor-selective HSV-1 vectors, 
as first shown by Martuza et al. It appears that most oncolytic viruses may ultimately be 
targeting cells, which have altered signal-transduction pathways that promote tumorigene- 
sis. This can occur spontaneously as is the case for reovirus (10-12 ) or can occur by genetic 
re-engineering. In the latter case, mutations or deletions in the viral genome are commonly 
introduced to eliminate the expression of specific viral proteins, which renders the mutant 
vector dependent on the tumor cells for viral propagation. Some of these viral proteins are also 
associated with neurotoxicity and a dual beneficial effect is obtained by mutating these genes. 
One of these mutants (designated 1716) has progressed to phase 1 clinical trial in 2 studies 
which include 2 1 patients altogether (13, 14). In both studies patients with recurrent malignant 
glioma, refractory to conventional therapy, were treated. The HSV-1 vector was well tolerated 
at doses up to 10 5 infectious particles after stereotactic intratumoral injection, and no adverse 
events were reported. In the first trial, multiple injections of a 1-mL total volume were per- 
formed. No viral DNA was detected by polymerase chain reaction (PCR) in serum and buccal 
swab samples taken from five patients. Four out of nine patients were alive at 14 mo after the 
treatment ( 13). In the second trial, patients were injected with virus followed by tumor resec- 
tion after 4 to 9 d, which showed virus replication in the tumor tissue. In some patients the 
amount of recovered virus exceeded the input dose ( 14). 1716 has also been clinically tested 
for advanced melanoma (15). In three patients receiving multiple intranodular injections, 
histopathological analyses revealed tumor necrosis and HSV-antigen presence in the tumor 
only. 
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Table 2 

Potential Advantages and Disadvantages of AAd as an Oncolytic Virus 
Potential advantages of Ad as an oncolytic virus 

• Can be genetically re-engineered to render it selective for specific tumor-suppressor pathways 

• Can take 24-48 h to kill tumor cells, but can produce several thousand progeny viruses 

• Can deliver/express in tumors 1 or 2 additional anticancer transgenes. 

• Does not randomly insert into the cellular genome, minimizing the risk for additional mutagenesis 
events 

• Has been used in human clinical trials for gliomas 
Theoretical disadvantages of Ad as an oncolytic virus 

• Some of the more attenuated and less toxic mutants are difficult to produce to very high titers 

• Encephalitis, meningitis, and inflammation are likely dose-limiting toxicities in humans 

• The mutant viral genome could recombine with wild-type adenovirus and added transgenes could 
be passed onto a wild-type Ad 

• There are no effective antiadenoviral agents for aborting viral infection/replication, if necessary 

• The adenoviral receptor (CAR) is poorly expressed in gliomas, thus limiting efficient infection. 


Using a single mutant, HSV-1 vectors are potentially associated with the risk of restoring 
a wild-type phenotype ( 16 ). Concern about this risk led to the design of an oncolytic virus with 
dual mutations: G207. G207 has been tested in a phase I clinical trial in patients with recurrent 
glioma ( 17 ). Twenty-one patients were included and single injections of doses up to 3 x 10 9 
infectious particles were administered. No adverse events were observed and the virus was 
well tolerated to the extent that no maximum tolerated dose was achieved. Promisingly, 2 
patients were still alive 4 yr after the treatment. 

LOCAL DELIVERY OF ADENOVIRUS INTO GLIOMAS 

Adenoviruses are also attractive candidates as oncolytic viruses. Their potential advantages 
and disadvantages in tumor oncolysis are illustrated in Table 2. The life cycle and replication 
of wild-type adenovirus is very well understood. The primary attachment of the adenovirus 
particle to the surface of the host cell is via one of its surface proteins (fiberknob) to the cox- 
sackie and adenovirus receptor (CAR). The CAR-docked viral particles also interact with a v 
integrins at the cell surface, which promote virus internalization by endocytosis. In the cell the 
adenovirus escapes from the endosome and is transported toward the cell nucleus, during 
which the virus particle is partially broken down. In the nucleus, the viral DNA remains extra- 
chromosomal and the program of viral gene expression begins. The Ad proteins encoded by 
the early (E) regions of the adenovirus genome are expressed first, upon which the adenoviral 
genome is replicated followed by expression of Ad proteins encoded by the late (L) regions. 
Progeny adenovirus particles are assembled and induction of cell death leads to the release of 
adenovirus progeny from the cell ( 18 - 20 ). 

The first oncolytic adenovirus to enter a clinical trial for malignant glioma was designated 
ONYX-015. This virus lacks the gene for E1B rendering it unable to bind to the cellular p53 
protein ( 3 ). When wild-type adenovirus infects a cell, the cell attempts to terminate efficient 
viral replication by increasing its p53 levels, thereby committing apoptosis (Fig. 1). The 
adenoviral gene product, E1B, prevents this by binding to p53 thus ensuring that the infected 
cell will live long enough to produce the several-thousands progeny Ads. It follows that a 
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mutant E IB adenovirus will be able to replicate effectively only in cells with defects in the p53 
tumor suppressor pathway, a common mutation in tumors, but will be restricted in replication 
in normal cells. 

Controversy exists as to whether or not this is the sole mechanism by which ONYX-0 1 5 has 
selective replication capacity in malignant cells (21,22). A recent report by the primary sci- 
entist involved in the engineering of ONYX-0 1 5 is now recognizing that tumor selectivity has 
little to do with p53 tumor suppressor pathway defects in tumor cells. Nevertheless, this 
oncolytic adenovirus has been tested in a wide range of preclinical models for various tumor 
types, including cervical carcinoma, laryngeal carcinoma, colorectal carcinoma, head and 
neck cancer, and glioma ( 3,23-35 ) . B ased on these studies ONYX-0 1 5 rapidly entered phase 
I clinical trials and was the first such Ad to reach clinical testing. Multiple trials of ONYX- 
015 in over 300 cancer patients , using both intratumoral and intravascular delivery techniques, 
have established the safety of this approach and demonstrated selective activity of the virus 
within the malignant tissue (26-28). However, despite biological activity of ONYX-015 
clinical benefit was not seen in the majority of patients until the viral treatment was combined 
with chemotherapy in patients with head and neck cancer (29). 

ONYX-015 has also been injected in patients with recurrent malignant glioma. This phase 
I trial has involved the injection of escalating doses of the virus into the brain adjacent to a 
resected tumor cavity. Injected doses up to 10 10 pfus have been well-tolerated. The trial thus 
demonstrated the relative safety of inoculating a replication-conditional virus into brain. 

OTHER VIRUSES 

Currently, a phase I trial of a reovirus strain into gliomas is being conducted in Canada. 
Reovirus has been shown to primarily replicate in cells with an overactive ras pathway, a 
signal transduction abnormality that is commonly observed in gliomas. Results of the trial are 
pending. 

Several other types of viral mutants (e.g., poliovirus, Newcastle disease virus) are slowly 
making their way through various regulatory agencies in an attempt to get to clinical trials in 
humans. One strain of Newcastle disease virus has recently been reported to have been given 
to four humans with glioblastoma (30). This does not appear to have been done as part of a 
formal clinical trial, although the authors report remarkable success. 

AREAS OF ACTIVE RESEARCH 
Retargeting of Infection Toward Tumor Cells 

Some authors have emphasized that an important limitation for efficient adenoviral infec- 
tion is the low levels of the adenovirus receptor (CAR) on malignant tumor cell membrane 
(31-34). To overcome this possible barrier, it has been shown that Ad can be retargeted 
towards other molecules highly expressed on the glioma cell membranes, such as epidermal 
growth factor (EGFR) and a v integrins. This concept was demonstrated using bispecific 
antibodies directed towards EGFR on one end and the Ad fiber knob on its other end. Prein- 
cubation of the adenoviral vector with the bispecific antibodies resulted in CAR-independent 
glioma cell infection and improved infection of primary glioma cell cultures obtained from 
tumor material (31,33). In the context of replication-competent Ads, the use of bispecific 
antibodies to redirect adenoviral cell binding will only improve the first infection round, as 
the progeny adenoviruses will not have access to the bispecific antibody. This limitation was 
overcome by insertion of an expression cassette encoding the bispecific antibody, into the 
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genome of the Ad, thereby allowing the progeny viruses to become retargeted. The EGFR- 
targeted adenoviral mutant efficiently killed primary human CAR-deficient brain t umor speci- 
mens that were refractory to the parent control virus ( 35 ). 

Another approach used to target the adenovirus to glioma cells involved the insertion of an 
integrin-binding peptide, arg-gly-asp (RGD), into the fiber of the virus, allowing the virus to 
make its primary attachment to integrins. Using replication-deficient adenoviral vectors encod- 
ing luciferase, it was demonstrated that the RGD modifications drastically enhanced infection 
efficiency of various tumor cells, including glioma ( 31 , 36 , 37 ). An RGD-modified oncolytic 
Ad, demonstrated that improved infection efficiency translates to markedly enhanced onco- 
lysis in (primary) glioma cells and impressive anti-glioma activity in subcutaneous and intrac- 
ranial glioma xenografts ( 32 , 38 ). 

Retargeting of oncolytic adenovirus to glioma cells was also demonstrated by Shinoura 
et al. ( 39 ). An increased cytopathic effect was found when ONYX-015 was modified with a 
stretch of 20 lysine residues at the C-terminal of the fiber, on glioma cells and in subcutaneous 
xenografts ( 39 ). Alternative molecules that have been proven useful for redirecting adeno- 
viral attachment and entry and which may be of potential interest to targeting glioma, are 
the fibroblast growth factor receptor ( 40 ), folate receptor ( 41 ), transferrin receptor ( 42 ), and 
vascular endothelial growth factor receptor (VEGFR) ( 43 ). 

In summary, it is likely that retargeting of Ad will be required to improve its ability to 
destroy gliomatous tumors. 

Interfering With the Immune Response Against the Virus 

For the viral antitumor effect to succeed, viral replication must out-compete tumor prolif- 
eration. However, the fact that oncolytic viruses are attenuated in their replication and that 
they also provoke an intense immunogenic response may hinder efficient tumor spread and 
lysis. Therefore, one strategy to improve biologic efficacy may involve interfering with the 
immune response. 

The immune response of the body to adenoviruses and HSVs follows a similar pattern 
consisting of an immediate innate response and a slower adaptive response. The nonspecific 
early occurring immune response contributes the largest effect to elimination of the viruses 
( 44 ). This innate response includes the activation of the complement cascade ( 45 ) and the 
recruitment and activation of macrophages, neutrophils, and natural killer cells which kill the 
infected cells either directly, or indirectly by secreting antiviral cytokines and chemokines 
( 46 , 47 ). In addition, the recruitment and activation of antigen-presenting cells (APCs) is 
essential for the development of an adaptive immune response ( 48 , 49 ). The adaptive immune 
response is elicited when the viral antigens are presented to the T-helper cells, resulting in 
activation and secretion of cytokines by the T-helper cells and the maturing of B-cells into 
plasma cells. Plasma cells produce large amounts of high-affinity antibodies directed against 
the infected cells and the viral proteins. Together, these responses can result in a rapid inac- 
tivation of the oncolytic viruses and impede their therapeutic efficacy. 

For this reason, several strategies have been developed to circumvent early inactivation of 
the virus by the immune system. Initially, these studies were performed using replication- 
deficient vectors in the interest of improving and prolonging transgene expression. Partial 
immune ablation using cytokines or CTF4A-Ig can lead to persistent adenoviral gene expres- 
sion in mouse lung and liver ( 50 , 51 ). The anti-cancer drugs etoposide and cyclophosphamide 
(CPA) were shown to enhance intratumoral transgene expression in immunocompetent mice 
( 52 ). The production of neutralizing antibodies to Ad and cytotoxic T-lymphocyte-mediated 
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lysis of virally transduced cells were significantly suppressed in these animals. In a study 
using herpes vectors for gene transfer to neurons in the spinal cord, co-administration of 
cyclosporin A led to more persistent transgene expression in infected cells ( 53 ). The inacti- 
vating role of the complement system was underscored by studies of Ikeda et al. ( 55 ) who 
demonstrated that rodent plasma inhibits cell transduction by adenoviral and herpes vectors. 
In vitro inactivation of complement with mild-heat treatment of the serum restored transduc- 
tion efficiency. In vivo, complement depletion was achieved by administering cobra venom 
factor (CVF) prior to intra-arterial delivery of replication-conditional (oncolytic) HSV in a rat 
model for multiple intracerebral tumors. The complement inactivation led to a strong increase 
in the initial infection efficiency of the tumors ( 54 ). In earlier reports, it had been demonstrated 
that administration of CPA enhanced the propagation of the oncolytic virus ( 55 ). Combined 
treatment of oncolytic HSV with CVF and CPA inhibited both the innate and anti-HSV 
neutralizing antibody response, and their concerted action prolonged survival of rodents 
bearing intracerebral tumors ( 54 ). More recently, cyclophosphamide was shown to inhibit the 
production of antiviral cytokines by peripheral blood mononuclear cells (PBMCs) as well as 
PBMC numbers even in the presence of active viral oncolysis ( 56 ). This appears to suggest 
that PBMC responses may be limiting to viral oncolysis. 

Combining Viral Oncolysis With Delivery of Anticancer Genes 

Another approach to improving oncolysis by replicative viruses involves the insertion of 
therapeutic transgenes into the viral genome. Such “armed” replication-competent viruses 
allow the action of therapeutic proteins to be combined with the anti-tumor properties of the 
viral infection. This approach embodies several possible advantages. First, as a result of the 
amplification of the virus within the tumor, transgene production and spread are also highly 
increased as compared with infection with the replication-defective vector counterparts. This 
concept was demonstrated for adenovirus using the marker gene Luciferase ( 57 , 58 ) as well 
as for HSV using the (3-galactosidase genne ( 59 - 61 ). Marked increases in transgene expres- 
sion were noted using the replication-competent compared with the replication-defective 
vectors. In addition, transgenes can be selected that have a nonoverlapping toxicity range with 
the viral-induced oncolytic effects in order to maximize their therapeutic benefit. Transgenes 
have been inserted that encode prodrug-converting enzymes, immunes stimulatory molecules, 
and apoptosis-enhancing proteins. 

Several groups have constructed genetically engineered oncolytic viruses encoding a prodrug- 
converting enzyme. These enzymes convert nontoxic prodrugs into cytotoxic metabolites and 
are often soluble to allow for spreading within the tumor. Using this approach, a tumor- 
selective herpes virus was engineered encoding the rat cytochrome P450 (CYP2B 1 ) transgene 
( 62 ). This liver enzyme activates the prodrug cyclophosphamide into an active anti-cancer and 
immunosuppressive metabolite ( 63 ). Addition of cyclophosphamide potentiated oncolytic 
effects of this HSV mutant against cultured tumor cells and subcutaneous tumor xenografts 
established in athymic mice ( 62 ). 

Recently, an ONYX-0 1 5-based adenovirus was described encoding the prodrug converting 
enzyme carboxylesterase (CE), which converts the camptothecin derivative CPT-1 1 to the 
much more potent chemotherapeutic SN-38. Survival of tumor-bearing mice was strongly 
enhanced with the CE-expressing virus in combination with CPT-1 1 compared with controls 
( 64 ). 

Multiple prodrug-activating gene therapies have also been used simultaneously in combi- 
nation with oncolytic viruses. A replicating adenovirus with double enzyme/prodrug gene 
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therapy containing the cytosine deaminase and HSV-Tk fusion gene markedly enhanced 
oncolysis relative to the isolated viral effect in cancer cells (65). The combination of HSV-TK 
and CYP2 1 gene transfer mediated by an oncolytic HS V provided anti-tumor effects that were 
more significant than all other treatment combinations (66). 

The second type of transgenes that have been inserted into the oncolytic viruses, were selected 
to boost the immune response to the infected tumor cells by stimulating localized inflammatory 
and/or immune responses. In the context of Adses, this was first demonstrated using a tumor- 
selective virus engineered to express interferon (IFN) which strongly enhanced anti-tumor 
activity compared to relevant control adenovirus in immune-deficient mice bearing breast 
carcinoma xenografts (9). Moreover, a number of replication-competent recombinant HSVs 
that encode immunostimulatory molecules have been constructed. Andreansky et al. (67) 
demonstrated that survival of immunocompetent mice bearing intracerebral tumors could be 
prolonged when treated with tumor-selective HS V encoding interleukin 4 (IL-4) compared to 
controls and immunohistochemical analysis demonstrated marked accumulation of inflam- 
matory cells. Similarly, oncolytic HSV mutants expressing IL-12, IL-2, or the soluble B7-1 
immunomodulatory molecule were found to produce survival benefit compared with control 
viruses in various tumor models including glioma in immunocompetent mice, by combining 
oncolytic and immunostimulatory effects (68-71 ). Moreover, insertion of the potent immune 
stimulator granulocyte macrophage-colony stimulating factor (GM-CSF) into an oncolytic 
HSV backbone, improved shrinkage or clearance of tumors compared to control virus. These 
mice were also protected against re-challenge with tumour cells (72 ). This suggests not only 
that expression of immunomodulatory molecules can potentiate oncolysis but may also induce 
a level of anti-tumor immunity. 

Finally, insertion of transgenes may improve the oncolytic potential of the replication- 
competent virus itself. Opportunities for enhancing the anti-tumor potential of oncolytic 
viruses are at the final stage of the reproductive cycle that involves the lysis of the host cell 
and release of viral progeny (73). Oncolysis of cancer cells when compared with lysis of the 
virus’ natural host cells may be suboptimal as a result of cancer cell specific genetic alter- 
ations. These alterations mainly affect pro- and anti-apoptotic pathways that regulate the cell 
cycle. Coordinated and timely (over) expression of key players in these processes concomitant 
with the viral replicative cycle is expected to enhance the anti-tumor potential of the oncolytic 
virus. This concept was demonstrated using the AdA24 oncolytic adenovirus engineered to 
express p53 during late stages of viral replication and which exhibited up to > 100-fold 
enhanced oncolytic potency on human cancer cell lines of various tissue origins (74). In 
another study, expression of a dominant-negative I-K B from a selectively replicating aden- 
ovirus sensitized tumor cells to recombinant human tumor necrosis factor a (TNF-a)-medi- 
ated apoptosis. Using this approach it could be demonstrated that induction of apoptosis 
during viral DNA replication compromised virus production, whereas apoptosis induced after 
virion assembly enhanced viral release from infected cells and dissemination (75). 

Combination treatment with conventional therapies may offer a number of advantages. 
First, enhanced therapeutic efficacy of dual treatments will allow administration of lower viral 
doses to achieve a certain therapeutic effect, which is important given the fact that sufficient 
virus delivery to tumors remains one of the major hurdles in clinical viral (gene) therapy 
strategies. Furthermore, combined treatment allowing lower viral doses may also lower toxic 
side-effects. 

The first studies to describe the effects of dual treatment with an oncolytic virus and 
conventional therapy were performed with the ONYX-015 Ad. The efficacy of this agent 
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combined with cisplatin and 5-fluorouracil was significantly greater than either agent alone 
in nude mouse tumor xenografts ( 24 ). These results led to the design of a phase II trial using 
these agents in patients with squamous cell carcinoma of the head and neck ( 29 ). The results 
of this study mirrored the preclinical data, including the frequent occurrence of complete 
remissions in patients treated with combination therapy. Synergy with the chemotherapeutic 
agents paclitaxel and docetaxel was demonstrated with the prostate cancer-specific oncolytic 
Ad, CV706, in a xenograft model of prostate cancer ( 76 ). 

Synergy with chemotherapeutic agents has also been described for HSV. The oncolytic 
effect of HSV- 1 7 1 6 in combination with mitomycin was synergistic in two of five nonsmall 
cell lung cancer cell lines in vitro and inhibited tumor growth more efficiently than either agent 
alone ( 77 ). Combination treatment of the HSV mutant G207 and vincristine led to strongly 
enhanced in vitro cytotoxicity without affecting infection efficiency and replication of G207 
in rhabdomyosarcoma cells. In vivo combination treatment of alveolar rhabdomyosar- 
coma using intravenous G207 and vincristine resulted in complete tumor regression without 
evidence of regrowth in five of eight animals whereas none of the animals receiving either 
monotherapy were cured ( 78 ). 

In the context of malignant brain tumors, the combination of oncolytic viruses with radio- 
therapy is perhaps more relevant than with chemotherapy considering the efficacy of standard 
treatments. Rogulski et al, ( 79 ) have studied the anti-tumor activity of ONYX-015 in combi- 
nation with irradiation in colon carcinoma xenografts . ONYX-015 viral therapy combined 
with irradiation improved tumor control beyond that of either monotherapy. Studies with the 
prostate stimulating antigen (PSA) promoter-driven oncolytic Ad, CV706, in combination 
with radiotherapy demonstrated such an improvement in therapeutic response in prostate 
cancer xenografts without increasing toxicity, that a phase I study was initiated ( 80 , 81 ). In 
glioma, synergistic oncolytic activity of ONYX-015 with radiotherapy was demonstrated in 
subcutaneous xenografts ( 82 ). Also, the strong anti-tumor activity of Ad5-A24RGD, the 
integrin-targeted AdA24 variant, in malignant glioma could be further enhanced with low- 
dose irradiation such that the same therapeutic effect was achieved with a 10-fold lower viral 
dose ( 32 ). 

Combination therapy with oncolytic HSV and irradiation has produced varying results. 
Whereas a potentiating effect of irradiation on G207 viral oncolysis in cervical and colorectal 
cancer xenografts was found ( 83 , 84 ), no enhancement of anti-tumor activity was seen when 
these treatment modalities were combined in subcutaneous tumor models of human and 
murine prostate cancer ( 85 ). Spear et al. ( 86 ) also found complementary toxicity between 
irradiation and the oncolytic HSV-1 mutant for the ICP6, regardless of cell type, time, MOI, 
irradiation dose, or culture conditions, without evidence of augmented apoptosis or viral 
replication. In human glioma xenografts on the other hand, dual treatment with the HSV-1 
y34.5-mutant caused a significantly greater reduction in volume or total regression of tumors 
than either irradiation or infection alone. This enhanced oncolytic effect of the combined 
treatment correlated with two- to fivefold enhanced viral replication in irradiated tumor cells 
compared to tumors receiving virus only ( 87 ). These results were extended to a second study 
in mice bearing intracerebral tumors which received y34.5-mutant virus in combination with 
fractionated radiotherapy. Analysis of survival data revealed that the interaction between 
these treatment modalities was synergistic ( 88 ). 

In conclusion, the results from studies into combination therapy, demonstrating enhanced 
therapeutic efficacy of oncolytic viral therapy over single modality treatment, are very encour- 
aging. Currently, investigators are successfully combining the above-described strategies 
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with armed therapeutic viruses. A trimodal approach (i.e., lytic virus, double enzym/prodrug 
gene therapy, and irradiation) was found to be superior to any other combination in carcinoma 
xenografts. Significant tumor regression and ultimately 100% tumor cure were reported ( 89 ). 

CONCLUSIONS 

Like a number of other translational disciplines of science (i.e., organ transplants, 
immunotoxin therapy, anti-angiogenesis), virotherapy is observing a historical waxing and 
waning interest because of results from initial clinical trials which have not always been as 
encouraging as the animal data. In spite of this, reasons for problems that have rendered its 
human use relatively nonefficacious are relatively understood. From this knowledge, solu- 
tions are beginning to emerge which could provide evidence for applications in neuro-oncol- 
ogy. A variety of newer generations of OV products are emerging. These will have to undergo 
testing in traditional phase I, and if promising, phase II and III trials. Understanding that 
gene therapy, like other therapeutics, can have dose-limiting toxicides in phase I trials and 
approaching such toxicities with the traditional tools of discovery, analysis, and finding of 
solutions that have defined the field of oncologic therapeutics should remain the regular 
course of action for these trials. 
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Summary 

Conventional multimodailty therapies have not altered the dismal prognosis of glioblastoma 
which has prompted alternative investigational approaches utilising biological modifiers of 
response. We review here interferon alpha (IFN-a) and beta (IFN-|3), interleukin-2 (IL-2), tumor 
necrosis factor-a TNF, interleukin 4 (IL-4) , monoclonal antibodies to EGFR, EGFRvIII and radio- 
labeled anti-tenascin monoclonal antibody. A current novel approach is exploitation of some of the 
biological consequences of thyroid hormone deprivation on tumor biology. In a preliminary Phase 
I/II trial significant improvement in survival and tumor regression rates in recurrent high grade 
glioma patients were observed following propylthiouracil induced mild (chemical) hypothyroidism 
combined with high dose tamoxifen. The background to this approach is reviewed. 

Key Words: glioblastoma; biological modifiers; hypothyroidism; tamoxifen 

INTRODUCTION 

Despite advances in surgical resection, computer assisted radiation therapy, and novel 
chemotherapeutic agents, survival for malignant glioma remains poor. The 2-yr survival of 
glioblastoma multiforme (GBM), the most malignant form of glioma, remains less than 20%. 

In light of poor outcomes with more traditional therapies, a number of alternatives have 
been explored. Immunotherapy has had some success against tumors such as melanoma and 
renal cell carcinoma. Cell-based immunotherapy and vaccine trials will be the subject of other 
chapters. In this chapter we will focus on the role of biological response modifiers in the 
treatment of malignant glioma 

Biological response modifiers may be defined as any naturally occurring substance, such 
as cytokine or hormone, that may be used to influence tumor growth. These substances may 
directly induce cell death, alter growth rates, or augment the body’s own immune response. 

Malignant gliomas are the most common primary brain tumor in adults and the current 
prognosis for patients with glioma remains poor. Despite mainstay treatment options including 
surgery, radiation, and chemotherapy, the estimated 2-yr survival remains less than 20% ( 1 ). 
One strategy in the spectrum of treatment options involves activation of the host immunologic 
response to destroy malignant glioma cells. Cytokines have been extensively studied as a 
vehicle of in vitro and in vivo immunologic activation and will be the focus of this chapter. 

TUMOR NECROSIS FACTOR FAMILY 

The cytokine tumor necrosis factor-a (TNF- a) was discovered by Carswell et al. in 1975 
and has been shown to have cytotoxic effects in vitro and in vivo on tumor cells ( 2 ). TNF- a 

From: Current Clinical Oncology: High-Grade Gliomas: Diagnosis and Treatment 
Edited by: G. H. Barnett © Flumana Press Inc., Totowa, NJ 


405 


406 


Part V / Mason, Toms, and Hercbergs 


is produced by macrophages, monocytes and has also been shown to be produced by activated 
microglial and glioma cells (3). It has been shown to inhibit lipoprotein lipase (4), simulate 
granulocytes and the proliferation of fibroblasts, and has antiviral activity and endothelial 
cytotoxicity that varies by cell type (5). Tumor response to TNF- ais quite variable in that it 
inhibits growth and causes apoptosis in several tumor cell lines, but can stimulate growth in 
others ( 3, 6-8 ). Additionally , this cytokine enhances major histocompatability complex (MHC) 
expression in glioma lines (9) and induces the production of intercellular adhesion molecule- 
1 in glioblastoma cell lines ( 10). 

In recent years, the TNF family of cytokines - ahas been extensively studied in association 
with apoptosis in human malignant glioma cell. TNF-related apoptosis-inducing ligand 
(TRAIL) is a member of the TNF family that rapidly triggers apoptosis in various types of 
tumors (11). TRAIL preferentially triggers apoptosis in glioma cell lines vs normal stromal/ 
endothelial cells (12). TRAIL is characterized by activation of capase-8 caspase -3, DNA 
fragmentation and apoptosis in >50% of glioma cell lines (13). Its selective induction of 
apoptosis in glioma but not in primary cultures of normal astrocytes suggests the possibility 
of tumor suppression in vivo. Unfortunately, TNF- ainduces apoptosis in human hepatocyte 
cultures, implying that it may be a poor choice for systemic use. Local, intratumoral admin- 
istration with convection-enhanced delivery (12,14) or with genetically modified stem cell 
delivery of TNF- a may play a role in the future. 

Another member of the TNF- a family that exerts strong antiglial activity is the CD95 
ligand. Certain human glioma cell lines express CD95, also known as Fas/APO- 1 , and using 
an endogenous pathway, undergo apoptosis when exposed to antibodies to this ligand ( 15 ). 
The cytotoxicity of this endogenous pathway was shown to significantly increase when 
exposed to exogenous cytokines such as TNF- a, IFN- (3, II- 1 , and 11-8 (15). Like TNF- a 
there is concern that CD95 ligand immunotherapy given systemically may lead to liver 
failure (16). It has been proposed in the recent literature that Taxol works synergistically 
with CD95 to sensitize glioma cells to the CD95 ligand, and may reduce systemic toxic 
effects (17). 

Recombinant human TNF- ahas been used systemically with mixed responses (18,19). 
Yoshida administered the cytokine intra-arterially in 20 cases of malignant gliomas with a 
reported 20% response rate and minimal side effects (5). Recent detailed examination of ultra- 
structural sequelae of intra-arterial TNF- a administrated in an experimental rat model dem- 
onstrated necrotizing effects on tumor vascular endothelium, thus suggesting another 
mechanism of the anti-tumoral effect of TNF- a (20). 

Interleukin- 1 [IL-1], a key pro-inflammatory cytokine which initiates the production of a 
variety of other cytokines, has been found to increase the immune response to glioma (21). 
Convection-enhanced delivery (CED) has been investigated as a means to overcome the 
problem of weak tumor response to systemically administered IL- 1 . The effect of intratumoral 
delivery of interleukin (IL)-l and interferon (IFN)- (IFN- a) by CED on tumor immune cell 
invasion in a rat glioma model demonstrated that intratumoral cytokine infusion using CED 
leads to strong tumor invasion with macrophages and lymphocytes suggesting a tumor spe- 
cific immune response. Survival ongoing studies are yet to be reported. 

INTERLEUKIN-2 

Interleukin-2 (IL-2), originally called T-cell growth factor, is apotent, well-studied 15.5 kDa 
cytokine that is important in the generation of anti-tumor immunity. When T-helper cells are 
exposed to tumor antigens, they release small quantities of IL-2. This acts locally to activate 
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cytotoxic T-cells and natural killer (NK) cells that mediate systemic tumor cell destruction 
( 22 ). It has been shown that intravenous, intralymphatic, or intralesional administration of 
IL-2 has produced responses in several types of cancer such as renal cell carcinoma and 
melanoma, but that systemic routes of therapy can cause severe side effects such as hypoten- 
sion, bradycardia, and extreme fatigue ( 22 ). Additionally, long-term central administration of 
IL-2 in rat model has neurotoxic consequences associated with elevated IL-2 central nervous 
system (CNS) levels ( 23 ). Nonetheless, IL-2 therapy by systemic, local, or genetic means has 
been an intriguing target of study because of its potent effect on the immune system and 
encouraging impact on gliomas in preclinical testing. 

The immunoregulatory effects of IL-2 are complex and varied. IL-2 is a growth factor that 
stimulates the proliferation of cytotoxic T-cells, helper T-cells, NK cells, and LAK cells, all 
of which can participate in the host’s response to tumor cells ( 24 , 25 ). Although there is a 
decreased immune response in vivo to glioma cells because of poor antigen presentation and 
the release of suppressor factors ( 26 ), effector cells such as cytotoxic T-cells or NK cells have 
been shown to be activated by IL-2, causing a more effective lytic process in certain glial- 
tumor lines ( 27 - 29 ). Clinically, methods of combining tumor antigens and genetically modi- 
fied cytokine-producing tumor cells (i.e., tumor vaccine) have had mixed successes ( 30 , 31 ). 
Autologous dendritic cell (DC) vaccines have attracted attention for the treatment of gliomas 
with or without IL-2 or other cytokine activation ( 32 , 33 ). DC vaccines have attracted attention 
for the treatment of gliomas, as survival time was elongated in patients with malignant gliomas 
and other brain tumors ( 33 , 34 ). These will be covered in more detail in the chapter on cellular 
immunotherapy. 

Because of the relative immunologic isolation of glial tumors within the CNS, blunted 
immune response and the systemic toxicity of IL-2, experiments using local and regional 
delivery of IL-2 by means of direct injection, polymer-based IL-2, or gene transfer has been 
examined. In small clinical studies using direct tumor bed injection of activated NK cells and 
IL-2, no significant effect on prognosis was seen ( 35 ). A variety of genetically modified 
viruses have been examined as vectors for secreting IL-2 locally. In one approach, replication- 
deficient herpes simplex virus (HSV) with a mutated thymidine kinase produced tumor cell 
death locally ( 36 ). In another study, IL-2 was secreted in low levels from cells with their 
tumorgenicity removed (“package cells”), and such cytokine release induced a long-lasting 
protective immune response against challenge with a tumorigenic dose of tumor cells ( 38 ). 
Although there have been mixed results, the injection of cytokine secreting allogenic tumor 
cells into a tumor bed is hypothesized to induce an anti-tumor immune response capable of 
prolonging survival ( 22 , 39 ). Although preclinical studies with IL-2 gene therapy have been 
promising ( 21 ), there have been limited clinical trials ( 22 , 39 ). 

INTERLEUKIN-4 

The cytokine interleukin 4 (IL-4) was first described in 1982 as a B-cell stimulator with 
activating and growth factor potential ( 41 ). It also has been associated with T-cell activation, 
and can be inactivated by IFN- Y- In addition, recent studies have demonstrated that IL-4 
modulates the proliferation and expression of cell surface antigens on several types of neoplas- 
tic cells, an effect that can be enhanced with other cytokines, including IFN-y and TNF-a 
( 42 , 43 ). Iwasaki and colleagues initially studied the effects of IL-4 on cloned human glioblas- 
toma in combination with IFN-(3 and TNF-a and confirmed the synergistic effects of these two 
cytokines. It has been postulated that enhancement of antigen presentation is responsible for 
the synergy ( 41 ). 


408 


Part V / Mason, Toms, and Hercbergs 


Gene transfer of IL-4 into tumor cell lines has been achieved with both adenovirus and 
HSV. In both cell culture and mouse xenograft tumor models, there was decreased tumor 
growth. Animal model effects of IL-4 include eosiniphilic infiltrate, tumor necrosis and 
improved survival vs control (44,45). Glioma cell lines are characterized by the overexpres- 
sion of a high-affinity receptor of IL-4 (IL-4R) (46). The IL-4R was targeted with a chimeric 
molecule composed of an IL-4 molecule and a mutant Pseudomonas exotoxin that is cytotoxic 
towards human glioblastoma tumor cells in a dose-dependent manner (46). Clinical efforts 
using this xotoxin have been conducted using stereotactically placed microcathethers in nine 
patients without systemic toxicity and demonstrating a preliminary antitumor response (47- 
49). 


INTERLEUKIN- 12 

IL-12 is a heterodimeric protein consisting of two subunits (p35 and p40) and is secreted 
by antigen presenting cells (APCs) such as DC and macrophages. IL-12 is an important 
immunoregulatory cytokine, which enhances the function of cytotoxic immune cells, includ- 
ing CTL and NK cells, and possesses potent IFN-ydependent therapeutic activity. Recombi- 
nant IL-12 treatment has shown a dramatic antitumor effect on mouse tumor models (50). 
Immunohistochemistry demonstrated increased CD4+ and CD8+ T-cell infiltration of the 
tumor compared with controls. Animals treated with IL-12 had prolonged survival vs controls 
(50). A phase I/II clinical study in adult patients with recurrent GBM is planned and aimed at 
evaluating safety and antitumor efficacy of a genetically modified replication-disabled Semliki 
forest virus vector (SFV) carrying the human IL-12 gene and encapsulated in cationic lipo- 
somes (51). 


INTERLEUKIN- 13 

IL-13 is predominantly produced by activated T cells and mast cells, and is intimately 
involved in immune modulation and differentiation (47). Both IL-13 and IL-4 share a number 
of biological functions and are mediated by cell surface receptors (46). It has been shown that 
human malignant glioma cell lines express a large number of intermediate-affinity IL-13 
receptors (IL-13R), as compared with human immune cells (B and T cells) that have low or 
no levels of IL-13R (47,52). To utilize this relative over-expression of IL-13R, a protein 
cytotoxin produced by Pseudomonas aeruginosa bacteria was bound to human IL- 13 (47,53). 
This complex is then translocated into cellular cytosol, eventually leading to cellular death 
(48,49). Phase III clinical trials are currently underway with infusion via intratumoral 
microinfusion (47). 


INTERFERON 

Interferons (IFN) have been used to treat malignant gliomas since the early 1980s with 
varying degrees of success. Interferon-a (IFN-a) and beta (IFN-(3) have been the main focus 
of clinical trials, but promising results have also been shown with IFN-y and IFN-a. 


INTERFERON-a 

Recombinant interferon-a (IFN-a) exhibits antiviral, immunomodulatory, antineoplastic, 
and antiangiogenesis properties. Preclinical studies suggested synergy between BCNU and 
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IFN-a ( 7 ). The combination of BCNU and IFN-a produced responses in 29% of 35 patients 
with recurrent glioma ( 54 ). IFN-a does not, however improve time to disease progression or 
overall survival in patients with high-grade glioma (HGG) and appears to add significantly to 
treatment toxicity. 


INTERFERON-^ 

ION— P has been used as an anti-tumor drug against human glioma, melanoma, and medullo- 
blastoma since the 1980s. Because stimulation of the immune system is one mechanism of 
anti-tumor effect induced by IFN-(3 gene therapy, Saito et al. hypothesized of the effectiveness 
of immunotherapy IFN-(3 gene therapy with immunotherapy might increase its effectiveness 
( 55 ). They tested a combination therapy of IFN-(3gene therapy and immunotherapy using 
tumor cell lysate-pulsed DCs in an experimental mouse intracranial glioma (GL261) (which 
cannot be cured by either IFN-(3 gene therapy or DC immunotherapy alone.) In this investi- 
gation, IFN-f) gene therapy following DC immunotherapy resulted in a significant prolonga- 
tion in survival of the mice ( 50 , 53 , 56 - 58 ). 

INTERFERON-y 

IFN-yis a multimodal cytokine with a number of different antiproliferative effects on cell 
lines, but is of crucial importance for the interaction of T cells with APCs such as macrophages 
and NK cells. One rationale for use of IFN-y in glioma patients evokes the impaired cell-based 
immunity seen in glioma patients ( 53 ). T-cell function is enhanced by IFN-y by up-regulation 
of antigen presentation and activation of NKcells. Increased MHC class I expression leads to 
higher cytotoxicity of certain glioma cell lines in vitro ( 59 ). This IFN-y mechanism may 
antagonize the TGF-(3 mediated down-regulation of MHC expression in certain cell lines 
( 43 , 60 ). 

IFN-y can inhibit growth of glioma cell lines in vitro by increasing levels of p21, a cyclin- 
dependent kinase inhibitor, which acts by inhibiting G,/S phase transition ( 61 ). Interferon-y 
has also been shown to activate cytotoxic lymphocytes in the presence of IL-2, as well as 
increase the antigen presentation of glioma cells to the immune system ( 22 , 59 , 60 ). Many 
models for protein or antibody mediated therapy have focused on the CD95 ligand (fas/ 
APO-1), a proapoptotic receptor ( 63 ). It has been theorized that resistance to Fas-mediated 
apoptosis is one manner in which malignant gliomas evade the immune system. IFN-y has 
been shown to increase Fas-mediated apoptosis in human glioma lines ( 64 ). There are several 
clinical studies of IFN-y on patients with malignant glioma. Although patients have tolerated 
local and systemic IFN-y without the toxicity of some other immunomodulators, clinical 
responses have not been dramatic ( 53 , 65 , 66 ). 

THYROID HORMONE 

Thyroid hormones play important roles in normal brain maturation and normal brain 
function ( 67 ). It has been demonstrated that thyroid hormones are required for malignant 
transformation of cultured cells by ionizing irradiation or chemical induction ( 68 , 69 ). It 
has also been suggested that thyroid hormones may have a pathophysiological role in the 
development of brain tumors. Thyroid hormone receptors have been identified in brain 
tumors ( 70 ), and thyroid hormones may be involved in the proliferation of brain tumor cells 
( 71 ). 
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Several convergent lines of evidence suggest that thyroid hormones are involved in 
tumorigenesis and tumor growth. Tri-iodothyronine (T3), the most biologically active of 
the thyroid hormones, has marked effects on the cell cycle, stimulating mitosis (72, 73) and 
proliferation of both normal (74) and neoplastic cells (71-73). These effects are caused, in 
part, by modulation of the autocrine, paracrine, and endocrine growth factor signaling 
systems such as insulin-like growth factor 1 [IGF-1] (76,77), epidermal growth factor 
receptor [EGF-r] (78-80), and cyclins (73). In glioma cell lines, depletion of thyroid hor- 
mone has been shown to reduce cell proliferation and to induce cell-cycle arrest via p21 
(WAFl/Cipl) (71 ). Thyroid hormone depletion studies in cell culture and preclinical stud- 
ies of thyroid gland suppression in experimental animal and human xenograft solid tumor 
systems have demonstrated that thyroid-ablated mice have decreased tumor proliferation/ 
growth rates and prolonged survival (81-86). There are anecdotal reports of spontaneous 
remission of metastatic nonsmall cell lung cancer following myxedema coma (87 ) — a se- 
vere thyroid deficiency event — and, in contrast, accelerated progression of metastatic breast 
cancer has been observed shortly after initiating thyroid hormone supplementation in hy- 
pothyroid women (88). 

A body of data suggests that up regulation of the major growth factor systems/mechanisms 
such as IGF-1 and IGF- II and EGFR may in part mediate these pro-growth effects but there 
is also evidence for direct modulation of mitosis by tri-iodothyronine [T3] (73,89). Thyroid 
hormones are also known to modulate microtubule assembly protein (90) and mitochondrial 
biogenesis (91). In addition, they have been shown to up-regulate cathepsinD, which facili- 
tates tumor invasion and metastasis (92). Recent studies have demonstrated that l- thyroxine 
functions as a ligand for the cell membrane integrin a V (3 3 and in a chorio-allantoic mem- 
brane model induces significant neoangiogenesis in endothelial and glioma cell lines ( 93-95). 
Thyroid hormone promotes BCL-2 expression whereas hypothyroidism alters the expression 
of bcl-2 family genes to induce enhanced apoptosis in the developing cerebellum (96,97). 

Epidemiologic and clinical studies suggest that survival is improved in hypothyroid indi- 
viduals across a variety of tumor types including breast, lung, and renal cancer (98-105). In 
epidemiological studies, radio-iodine ablation of the thyroid for benign disease and hypothy- 
roidism are associated with a significantly reduced incidence of cancer and lower mortality 
rate (106). In clinical studies of patients with advanced solid tumor survival and treatment 
responses to a variety of modalities including cytokines (IL-2) correlated with a diagnosis of 
hypothyroidism (96-106). 

Until very recently endocrine therapy in the form of thyroid manipulation had not formally 
been studied as an anticancer modality. In a phase I/II clinical study (107,108) of patients 
with recurrent GBM an attempt was made to reduce thyroid hormone levels with propylthiou- 
racil (PTU). In this study 38 patients with recurrent HGG were given high doses of tamoxifen 
and PTU in an effort to induce chemical hypothyroidism. 

Of 36 evaluable patients, in the 19 that achieved chemical hypothyroidism, 5 (28%) had 
more than a 50% reduction in tumor size on magnetic resonance imaging (MRI), compared 
with 0 of 17 (0%) that remained euthyroid (p < 0.037). One patient had a partial response to 
PTU alone. Only one patient experienced clinically symptomatic hypothyroidism. Median 
survival for the hypothyroid group was 10.6 mo vs 3. 1 mo for the group that remained euthy- 
roid ( p < 0.002). This study concluded that PTU-induced chemical hypothyroidism was as- 
sociated with significantly improved survival in malignant glioma patients treated with 
tamoxifen. Failure to successfully induce and maintain chemical hypothyroidism was asso- 
ciated with significantly shorter survival. 
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Fig. 1 . Biological response modifiers alter cellular transcription and signaling in a variety of ways. This 
schematic highlights mitogen activated protein kinase (MAPK) and signal transduction and activator of 
transcription (STAT) pathways of signal-transduction inducing gene expression via interferons, 
interleukins, and autocrine growth factors such as IGF-1. Steroids and thyroid hormones are bound by 
chaperones (hormonal receptors) after they diffuse through the outer cell membrane. The chaperones 
transport the hormones to the nucleus where they induce gene transcription. A final method of biological 
response modification is illustrated in the schematic by TNF apoptosis-inducing ligand (TRAIL). TRAIL 
binds a cell surface death receptor (DR 4/5), directly inducing caspase activation and cellular death via 
apoptosis. 


STEROIDS 

Glucocorticoids are known anti-inflammatory agents that are frequently used in the man- 
agement of glial tumors. Although results in the literature are contradictory, a number of 
researchers have examined the impact of glucocorticoids, or its commonly used synthetic 
form, dexamethasone, on tumor growth and proliferation. Dexamethasone has been used for 
several decades for the treatment of symptomatic vasogenic edema with most types of intrac- 
ranial masses. Although the exact mechanism has not been elucidated, there is evidence that 
in one glial cell line, dexamethasone may have a therapeutic effect related to the inhibition of 
tumor-associated angiogenesis (109,110). This effect occurs by several mechanisms, how- 
ever it has been shown in vitro that dexamethasone decreases tumor-associated angiogenesis 
by decreasing vascular endothelial growth factor (VEGF) expression in several glial cell lines 
in vivo (111,112). 
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The immunosuppressive function of dexamethasone in glial tumors is another area of 
interest. Steroids have been shown to significantly inhibit infiltration of both lymphocytes and 
microglia in a dose dependent manner in gliomas ( 113 ). The clinical relevance of lymphocytes 
in the anti-tumor response is uncertain. However, as cellular immunotherapy approaches are 
developed any immunosuppressive factor may have deleterious effects on these treatment 
modalities ( 113 , 114 ). 

Glucocorticoids diffuse through the cellular membrane and are bound by intracytoplasmic 
steroid transporters. These receptors transport the steroid through the nuclear membrane, 
where they bind DNA and act at a transcriptional level ( 115 ). It has been shown that gene 
expression may be inhibited by glucocorticoid receptors antagonists, and lead to decreased 
proliferation of some glial cell lines ( 115 , 116 ). Dexamethasone may also inhibit a variety of 
genes involved in the inflammation process, including those activated by nuclear factor-Kb 
( 117 ). The steroid receptor may act with NF-kB binding sites in the regulatory regions of an 
anti-apoptotic gene.This mechanism appears to synergistically enhance the ability of TNF-a 
to prevent apoptosis in some cell lines ( 118 ). Other mechanisms have been elucidated, includ- 
ing the upregulation of anti-apoptotic proteins and the associated cellular-signaling cascade 
and the inhibition of apoptosis, with the clinical significance of potentially interfering with the 
efficacy of chemotherapeutic drugs ( 119 ). 

Although glucocorticoids are used widely in the clinical setting and their utility has been 
widely accepted, their effect in vivo on antitumor activity remains an area of interest. It has 
been shown that dexamethasone significantly enhances the antitumor activity of carboplatin 
and gemcitabine in mice models ( 120 ). Frequently employed for their potent anti-inflamma- 
tory response, glucocorticoids have potential direct and synergistic antitumor activity. 

CONCLUSIONS 

Biological response modifiers are a group of naturally occurring substances that may be 
used to influence tumor response to therapy. These substances may have powerful roles 
working synergistically with immuno, radio-and chemotherapies in the treatment of malig- 
nant gliomas. 
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Summary 

High-grade gliomas (HGG) represent the most common primary malignant tumor of the adult 
central nervous system. Unfortunately, the median survival after surgical intervention alone is only 6 mo 
and the addition of radiotherapy can extend this time to 9 mo (7,2). Consequently, efforts aimed at 
developing new therapies have focused on new treatment strategies that specifically target tumor 
cells and spare normal cells. One such modality, gene therapy, has shown promise in the spectrum of 
agents utilized against brain tumors. In this chapter, we review the principles of gene therapy and 
discuss results of recent clinical trials in which gene therapy was employed against HGG. 

Key Words: Gene therapy; glioma; adenovirus; herpes vims; immunotherapy. 

INTRODUCTION 

The concept of gene therapy arose from the observation that certain human diseases are 
caused by the inheritance of a single nonfunctional gene ( 3 ). The ability to replace the defec- 
tive or missing gene with a normal, functional copy appeared as an alternative treatment 
strategy. Early work focused on diseases caused by these single-gene defects, such as subacute 
combined immunodeficiency disorder (SCID) ( 4 ) and cystic fibrosis ( 5 ). However, more 
recent detection of common genetic alterations shared by a variety of human neoplasms has 
fostered interest in the application of gene transfer techniques to the development of novel 
therapies for cancer, including high-grade glioma (HGG). In fact, cancer gene therapy has 
become one of the most rapidly evolving areas in preclinical and clinical cancer research. 
The idea that human neoplasms might be the result of accumulated genetic lesions that cul- 
minate in a transformed phenotype has increased optimism that gene therapy techniques may 
provide a rational basis for intervention. In this setting, gene therapy is intended to broaden 
the spectrum of available therapies. However, with more than 200 cancer gene therapy 
trials approved worldwide since the early 1990s, it has become increasingly clear that several 
issues remain to be addressed before the full potential of gene therapy in the care of cancer 
patients can be realized. 

The most important obstacles in gene therapy are the low efficiency of gene transfer 
achieved by currently available gene-delivery vectors and the lack of selectivity of these 
vectors to specifically target cancer cells ( 5 - 10 ). As a consequence of these limitations, the 
delivery of DNA to target cells can be achieved through one of the following distinct modali- 
ties. In the first method, tumor cells are removed from a patient, manipulated in vitro, and 
subsequently transferred back to the patient. Alternatively, DNA can be delivered directly into 


From: Current Clinical Oncology: High-Grade Gliomas: Diagnosis and Treatment 
Edited by: G. H. Barnett © Humana Press Inc., Totowa, NJ 


419 


420 


Part V / Lesniak and Olivi 


the target tissue (in situ), provided this tissue is localized and accessible to manipulation. 
Examples include injection of a tumor mass with a vector carrying a gene for a cytokine or 
toxin, or the infusion of adenoviral vectors into the trachea and bronchi of patients with cystic 
fibrosis. The third method is in vivo gene therapy, in which a vector is administered systemi- 
cally yet the gene is delivered locally to cells of interest. The realization of such targeted vector 
therapies that can be safely administered intravenously will represent a major breakthrough 
in the field of gene therapy, given the systemic nature of most malignancies. 

DELIVERY VEHICLES FOR LOCAL AND SYSTEMIC GENE THERAPY 

Currently, targeted gene delivery can be achieved in one of two ways: by delivering the 
gene of interest selectively to target cells (vector targeting), or by creating vector constructs 
with tissue-specific promoters such that the delivered genes can only be expressed in certain 
cell types (cell- or tissue-specific gene expression). Moreover, viral vectors employed for 
gene therapy of human gliomas can be further divided into replication defective vectors and 
conditionally replicative vectors. A great deal of effort has been generated toward the use of 
viral agents as nonreplicating vectors for gene insertion in treating cancers. Renewed interest 
in the use of viruses as oncolytic therapy was sparked with the development of a herpes 
simplex virus (HSV) containing an inactivating mutation in the thymidine kinase gene (11). 
With the demonstration of a replicating virus, capable of infecting neoplastic cells, producing 
progeny, and lysing the host cell, came excitement over the engineering of novel oncolytic 
viruses. Ideally, these viruses are constructed such that they possess several characteristics 
beyond those found in their counterparts that are used simply as delivery vectors. These 
characteristics include selectivity for neoplastic cells alone, minimal toxicity to normal tis- 
sues, proliferation within neoplastic cells with systematic killing of tumor tissue, the ability 
to disseminate throughout the tumor mass, and enduring efficacy (12). As such, several 
oncolytic viruses have been developed that have exhibited antitumoral properties in both 
animal models and clinical studies. 

In the following section, we will focus on specific viral vectors and discuss the clinical 
experience with these viruses against malignant brain tumors (Table 1). 

RETROVIRUS 

One of the first viral vectors utilized in gene therapy trials of HGG was the retroviral vector. 
The family Retroviridae comprise a variety of enveloped RNA viruses, such as endogenous 
retroviruses, leukemia viruses, or human immunodeficiency virus- 1 (HIV-1), the replicative 
strategy of which includes as essential steps reverse transcription of the virion RNA into linear 
double-stranded DNA and the subsequent integration of this DNA into the genome of the cell. 
The RNA is 7 to 12 kb long, linear, and single-stranded. Retroviral vectors exhibit restricted 
cell tropism, which depends on cell-type division. This is an attractive aspect of retroviral 
based gene therapy for HGG. However, retroviruses exhibit low transduction efficiency and 
small capacity for transgene expression. Retroviral based gene therapy of HGG has been 
investigated since the 1980s. 

Perhaps the best-known transgene/vector system is the herpes simplex virus thymidine 
kinase (HSV-tk) gene transferred by a replication-incompetent retrovirus vector, which is 
released in situ by fibroblast-derived retroviral vector-producing cells. Some of the first 
clinical studies of this vector involved either stereotactic intratumoral injection of the virus in 
patients with recurrent HGG or local administration of the virus during surgical resection of 
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Table 1 


Examples of Viral Vectors Utilized Against HGG 


Virus 

Strain 

Trials 

Tumor type 

Results/comments 

HSV-1 

G207 

Preclinical animal studies (mice, 
nonhuman primates) (28,29) 

Phase I (30) 

Phase lb, II 

U87 glioma cell line 

Glioma 

Glioma 

I.C. treatment prolonged survival in murine 
brain tumor model, acceptable safety 
profile in nonhuman primates 

No dose-limiting toxicides identified, 
therapeutic benefit suggested 

In progress 


HSV 1716 

Preclinical animal studies (mice, 
SCID mice) (31-33) 

Phase I (34,35) 

Phase II 

Melanoma, human 

embryonal carcinoma 

Recurrent glioma 

Glioma 

Low virulence in SCID mice following ic 
injection (31), antitumoral effects against 
ic injected tumors (32,33) 

No dose-limiting toxicides, possible 
intratumoral replication (36) 

In progress 

Adenovirus 

ONYX-015 

Phase I (27) 

Phase I, II (24-26) 

Phase III 

Glioma 

Head and neck cancers 

No dose-limiting toxicides with injection 
into tumor resection cavity 

Acceptable safety profile, potential 
therapeutic benefit 

In progress 

Newcastle Disease 

73-T 

Preclinical animal studies (mice) 

Fibrosarcoma, neuroblastoma 

Effective tumor regression with systemic 

Virus (NVD) 


(42-44) 

and other solid human 

cancers 

and intratumoral administration 


PV701 

Phase I (46) 

Variety of cancers 

Some serious side-effects (including death) 
noted 


MTH-68/H 

Phase II, case report and case 
series (44,45,47,48) 

Variety of cancers, 

GBM 

Case reports of progressive tumor 
shrinkage and long-term survival 
in GBM patients treated with iv NDV 

Reovirus 

Reolysin 

Preclinical animal studies (SCID 
mice, immunocompetent rats, 
nonhuman primates) (38,39) 
Phase I (12,40) 

U87, 9L and RG2 glioma 
cell lines 

Subcutaneous metastases 
from systemic cancers; 
recurrent glioma 

Significant toxicides in SCID mice, 

no significant toxicities with ic injection 
into nonhuman primates 

No dose-limiting toxicities (40)\ 
in progress (12) 


Abbr: ic, intracerebral; iv, intravenous. 
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the tumor. For instance, Ram et al. treated 15 patients with progressive growth of recurrent 
malignant brain tumors using a HSV-tk retroviral vector. Antitumor activity was detected in 
five of the smaller tumors. In situ hybridization for HSV-TK demonstrated survival of vector- 
producing cells at 7 d but indicated limited gene transfer to tumors, suggesting that indirect, 
“bystander,” mechanisms provide local antitumor activity in human tumors ( 13). Similarly, 
Shand et al. investigated the effects of HSV-tk gene transfer followed by ganciclovir (GCV) 
treatment as adjuvant gene therapy to surgical resection in patients with recurrent glioblas- 
toma multiforme (GBM). The study was open and single-armed, and aimed at assessing the 
feasibility and safety of the technique and indications of antitumor activity. In 48 patients a 
suspension of retroviral vector-producing cells was administered by intracerebral injection 
immediately after tumor resection. Intravenous GCV was infused daily 14 to 27 d after sur- 
gery. Patients were monitored for adverse events and for life by regular biosafety assaying. 
Tumor changes were monitored by magnetic resonance imaging (MRI). Reflux during injec- 
tion was a frequent occurrence but serious adverse events during the treatment period (days 
1-27) were few and of a nature not unexpected in this population. One patient experienced 
transient neurological disorders associated with post-GCV MRI enhancement. There was no 
evidence of replication-competent retrovirus in peripheral blood leukocytes or in tissue 
samples of reresection or autopsy. Vector DNA was shown in the leukocytes of some patients 
but not in autopsy gonadal samples. The median survival time was 8.6 mo, and the 12-mo 
survival rate was 13 of 48 patients (27%). On MRI studies, tumor recurrence was absent in 7 
patients for at least 6 mo and for at least 12 mo in 2 patients, 1 of whom remained recurrence 
free at more than 24 mo. Treatment-characteristic images of injection tracks and intracavitary 
hemoglobin were apparent. Based on these results, the authors concluded that gene therapy 
is feasible and appears to be satisfactorily safe as an adjuvant to the surgical resection of 
recurrent GBM (14). 

The positive results obtained in some of these phase I and II studies led to a phase III 
clinical evaluation of HSV-tk and GCV gene therapy as an adjuvant to surgical resection and 
radiation in adults with previously untreated GBM. A total of 248 patients with newly diag- 
nosed, previously untreated GBM received, in equal numbers, either standard therapy (sur- 
gical resection and radiotherapy) or standard therapy plus adjuvant gene therapy during 
surgery. Progression-free median survival in the gene therapy group was 180 d compared 
with 1 83 d in control subjects. Median survival was 365 vs 354 d, and 1 2-m survival rates were 
50 vs 55% in the gene therapy and control groups, respectively. These differences were not 
significant. Therefore, the adjuvant treatment improved neithertime to tumor progression nor 
overall survival time, although the feasibility and good biosafety profile of this gene therapy 
strategy were further supported (15). 

The overall lack of success with HSV-tk/GCV retroviral therapy prompted a renewed 
interest in other forms of vector based gene therapy. Among them, adenoviruses, herpes 
viruses, reoviruses, and the Newcastle virus are prominent. 

ADENOVIRUSES 

Recombinant adenoviruses are an attractive alternative vehicles for gene therapy. A major 
advance over other viral vectors is the ability of recombinant adenoviruses to mediate a high- 
efficiency gene transfer to a wide variety of cell types, including nondividing cells. They are 
also able to host large transgenes (up to approx 30 Kb). The viral genome remains episomal 
and does not undergo rearrangement at a high rate. The virus is easily propagated and remains 
concentrated within permissive cells long after yields have reached maximum levels, and 
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because the nonenveloped viral particles are relatively stable, they can be readily concentrated 
to high titers. 

The majority of adenoviral vectors developed to date are derived from human serotypes 2 
(Ad2) and 5 (Ad5), because the biology and genetics of these viruses have been intensively 
investigated. The first generation adenoviral vectors were rendered replication-incompetent 
though the ablation of the El viral sequence, which was replaced with transgenes of about 5 
to 8 Kb. Subsequently, other adenoviral vectors were produced with the elimination of the E2 
and E3 sequences, allowing the insertion of larger transgenes while reducing the host’ s immune 
response to viral infection, thus increasing the duration of therapeutic gene expression. 

One of the major historical limitations of adenoviral vectors has been efficient gene deliv- 
ery into target cells. Whereas adenoviral vectors exhibit superior levels of in vivo gene transfer 
compared to available alternative vector systems, the present generation of adenoviral vectors 
used for in vivo gene therapy has demonstrated limited efficacy ( 16 ). Two explanations for 
these suboptimal responses have been proposed. First, in several reported human clinical trials 
based on in vivo gene delivery, variable clinical responses have been observed in patients. 
Several studies have found that the relative resistance of HGG to the adenoviral vector is based 
on the lack of cell-surface expression by the tumor cells of the primary adenoviral receptor, 
the coxsackie adenovirus receptor (CAR) . Thus, variability of adenovirus receptor density 
expressed by tumors may influence gene transfer efficiency and the ultimate therapeutic 
response observed in patients. Second, whereas tumor expression of the adenoviral receptor 
may be low, there is widespread distribution of this cellular receptor in normal human tissues, 
thus precluding the targeting to tumor specific cell types and making dose-rated vector tox- 
icities limit the overall therapeutic index achievable with adenoviral vectors. Several groups 
have attempted and continue to generate rational strategies to overcome these limitations as 
the understanding of the biology and life-cycle of adenoviruses becomes further elucidated. 

Trask et al .( 22 ), treated 1 3 patients with advanced recurrent malignant brain tumors (9 with 
GBM, 1 with gliosarcoma, and 3 with anaplastic astrocytoma [AA]) with a single intratumoral 
injection of a replication-defective adenoviral vector bearing the HSV-tk gene driven by the 
Rous sarcoma virus promoter (Adv.RSVtk), followed by GCVtreatment. The primary objec- 
tive of the study was to determine the safety of this treatment. Injection of Adv.RSVtk in doses 
up to 2 X 10 11 viral particles (vp), followed by GCV, was safely tolerated. Patients treated with 
the highest dose, 2 X 10 12 vp, exhibited central nervous system (CNS) toxicity with confusion, 
hyponatremia, and seizures. One patient was living and stable 29.2 mo after treatment. Two 
patients survived for more than 25 mo before succumbing to tumor progression. Ten patients 
died within 10 mo of treatment, 9 from tumor progression and 1 from sepsis and endocarditis. 
Neuropathologic examination of postmortem tissue demonstrated cavitation at the injection 
site, intratumoral foci of coagulative necrosis, and variable infiltration of the residual tumor 
with macrophages and lymphocytes. 

Most recently, the adenovirus ONYX-015, an oncolytic, replication-competent virus has 
been investigated for the treatment of HGG in human clinical trials. This virus selectively 
replicates within and lyses cells with defects in p53 or the p53 pathway ( 23 ). ONYX-015 has 
demonstrated effective anti-tumor activity in animal studies and phase I and II trials for 
treatment of head and neck cancers have shown safety and potential efficacy as well ( 24 - 26 ). 
Additionally, the recently-published results of a phase I trial for the treatment of glioma have 
demonstrated safety with injection of ONYX-015 within resection cavities ( 27 ). The NABTT 
CNS Consortium conducted a dose-escalation trial of intracerebral injections of ONYX-015. 
Cohorts of 6 patients at each dose level received doses of vector from 10 7 plaque-forming units 
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(pfu) to 10 10 pfu into a total of 10 sites within the resected glioma cavity. Adverse events were 
identified on physical exams and testing of hematologic, renal, and liver functions. Efficacy 
data were obtained from serial MRI scans. None of the 24 patients experienced serious adverse 
events. The maximum tolerated dose was not reached. The median time to progression after 
treatment with ONYX-015 was 46 d (ranging from 13 to 452 + d). The median survival time 
was 6.2 mo (ranging from 1 .3 to 28.0+ mo). One patient did not progress and 1 patient showed 
regression of interval-increased enhancement. After more than 19 mo of follow-up, one-sixth 
of the recipients at a dose of 10 9 and two-sixths at a dose of 10 10 pfu remained alive. In 2 
patients who underwent a second resection 3 mo after ONYX-015 injection, a lymphocytic 
and plasmacytoid cell infiltrate was observed. This study confirmed that injection of the virus 
are well tolerated and not associated with any dose-limiting toxicides. 

HERPES SIMPLEX VIRUS 

HSV has a number of advantages as a gene delivery vector. First, the virus has a propensity 
to infect only neurons. Moreover, it is readily grown in culture to high-titre. As a result of its 
large genome, the virus accommodates large transgenes. Considerable progress has been 
made in effectively disabling the virus so that it does not damage the cells it infects but can 
still deliver an inserted gene effectively. In addition, it is now possible to obtain long-term 
expression of the transgene in the CNS, using regulatory elements derived from the latency- 
associated transcript of the virus. 

The HSV- 1 mutant G207 (a replication-competent virus whose life cycle is dependent upon 
proliferating cells) was shown to effectively reduce the growth of subcutaneous U87 glioma 
cells and prolong survival of mice injected with these cells intracranially ( 28 ). Subsequent 
neurotoxicity studies with intracerebral injection in nonhuman primates demonstrated accept- 
able safety profiles despite the use of doses far greater than those shown to be efficacious in 
mouse tumor studies ( 29 ). These results led to a phase I G207 clinical trial in humans with 
recurrent or progressive HGG. The safety of intratumoral injection was demonstrated over a 
range of viral concentrations such that no maximally tolerated dose (MTD) or dose-limiting 
toxicities could be established ( 30 ). Additionally, whereas the goal of this study was to ascer- 
tain a safety profile for this treatment, a therapeutic benefit was suggested. Currently, phase 
Ib/II trials have begun in hopes of verifying safety and tolerability of intratumoral G207 
injections for HGG. 

The HSV 1716 (an HSV-1 mutant attenuated in its ability to replicate in neurons of the 
CNS) is another herpes-virus strain that has made its way from animal studies to early 
clinical trials. In addition to avirulence in SCID mice, efficacy studies showed anti-neoplas- 
tic effects against intracranially injected melanoma and human embryonal carcinoma (NT2) 
tumors ( 31 - 33 ). The virus was also found to be unable to replicate within neuronally dif- 
ferentiated counterparts of NT2 cells underscoring the selectivity of this virus for tumor 
cells ( 33 ). These results have lead to early trials to assess the safety and toxicity profiles of 
HSV 17 16 as an innovative anti-glioma agent in humans ( 34 ). As with G207, HSV 1716 was 
well tolerated and an MTD could not be established as no patient exhibited signs of encepha- 
litis postinjection — even with the highest dose administered. Additionally, further studies 
have suggested that HSV 1716 replicates in at least some of the HGG treated with 
intratumoral injection and there has been no toxicity after viral injection into the surround- 
ing brain tissue following surgical resection of the tumor ( 35 , 36 ). Survival data from these 
studies has generated excitement over clinical trials designed to evaluate the therapeutic 
benefit of intratumoral HSV 17 16 treatment. 
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REOVIRUS 

Reovirus, a nonenveloped virus associated with mild respiratory and gastrointestinal tract 
symptoms in humans, is known to infect and proliferate in cells with unregulated Ras pathway 
activity. Because Ras pathway dysregulation is common in gliomas (coupled with the cyto- 
lytic activity of reovirus at the end of its replication cycle) the use of this virus for oncolytic 
therapy has become attractive. SCID mice implanted in the flank with the glioblastoma cell 
line U87 had significantly decreased tumor growth compared to control following intratumoral 
injection of reovirus (37). Furthermore, the virus was found to remain confined to the tumor 
mass and did not proliferate into normal tissues. Intratumoral/intracerebral injection of reovi- 
rus into glioma-bearing SCID mice resulted in significant tumor regression — however, sig- 
nificant virus-related toxicities were noted in these immunodeficient hosts (38). Similarly, 
significant effectiveness upon tumor regression (without the aforementioned toxicities) was 
later demonstrated with immunocompetent rats and nonhuman primates (39). Phase I trials 
injecting reovirus into subcutaneous metastases from systemic cancers have shown no dose- 
limiting toxicities (40). Meanwhile, phase I dose-escalation trials with intratumoral/intracra- 
nial injection in patients with recurrent high-grade glioma are in progress ( 12). 

NEWCASTLE VIRUS 

Newcastle disease virus (ND V) is an enveloped paramyxovirus that has been found to have 
selectively increased replication in neoplastic cells, prompting interest in its use as an onco- 
lytic virus (41 ). Several animal studies have demonstrated effective tumor regression in fib- 
rosarcoma and neuroblastoma cells using the 73-T strain administered intratumorally and 
systemically (42-44). Additionally, phase I and II trials using PV701 and MTH-68/H 
NDV strains respectively, have been performed for the treatment of various cancers (45,46). 
Whereas fever and flu-like symptoms were the most common troublesome effects associated 
with virus administration, some serious side-effects — including one possible treatment-asso- 
ciated death — were also noted. Interestingly, the literature also reveals case reports of patients 
with GBM treated with intravenous NDV resulting in progressive tumor shrinkage and long- 
term survival (47,48). Finally, NDV has also displayed significant potential when delivered 
as a cancer vaccine (rather than an oncolytic virus) as NDV-infected cancer cells exhibit 
enhanced recruitment and activation of CTLs and NK cells (49). 

IMMUNOTHERAPY 

With the exception of the HSV-tk/ganciclovir gene therapy, viral vectors have been also 
extensively used to delivery immunomodulatory genes against HGG. Although a complete 
discussion of the rationale involving the use of immunotherapy is beyond the scope of this 
chapter, there is compelling data that local augmentation of the immune response may offer 
a potential benefit to brain tumor patients (50,51). As a result, several vectors have been used 
to deliver cytokines to brain tumors. This work, while still in preclinical stages, is likely to be 
evaluated in the context of a clinical trial in the nearby future. 

To date, the efficacy of several immunomodulatory genes has been examined in the context 
of HGG (Table 2). For instance, HSV has been used to deliver IL-4, IL-10, and IL-12 against 
experimental glioma ( 52-54). Miyatake et al. predicted that if an immune response plays a role 
in survival following intratumoral treatment of tumor-bearing animals with HSV, expression 
of IL-4 should prolong survival whereas expression of IL-10 should reduce it. The results 
showed that: (1) these cytokines can be expressed by HSV in productively infected cells both 
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Table 2 

Viral Delivery of Immunomodulatory Genes Against HGG 

Virus 

Gene delivered 

Tumor type 

Results/comments 

Adenovirus (replication 

IL-4 

sc C6 rat glioma 

Adenovirally-delivered IL-4 

incompetent) 


model (69) 

significantly inhibited 
tumor growth 


IL-12 

ic. GL-26 glioma- 
bearing mice (55) 

Results in Table 1 


TNF-a 

ic U87 glioblastoma- 
bearing mice (57) 

Adenovirally-delivered 

TNF-a coupled with 
temozolomide prolonged 
survival 

HSV (replication 

IL-4, IL-10 

ic GL-261 GBM- 

HSV/IL-4 treatment 

competent) 


bearing mice (54) 

augmented the oncolytic 
effect of HSV and 
improved survival alone or 
coupled with virally- 
mediated IL-10 delivery 


IL-12 

Murine neuro- 
blastoma model (53) 

Results in Table 1 


Thymidine kinase 

sc GL-261 tumors 
in mice (52) 

HSV-TK infection (with aid 
of HSV helper virus) 
resulted in significantly 
reduced tumor size 

Vaccinia Vims 

IL-2, IL-12 

C6 glioma model 

Virally-delivered IL-2 and 

(replication competent) 


in mice (58) 

IL-12 augmented the 
antitumor effect of 
vaccinia virus alone 


Abbr: ic, intracerebral; sc, subcutaneous. 


in vitro and in vivo; (2) HSV-expressing IL-4 or IL-10 genes were able to infect and destroy 
glioma cells in vitro; and, (3) intracerebral inoculation of HSV expressing either IL-4 or IL-10 
into syngeneic murine glioma GL-261 cells implanted in the brains of immunocompetent 
C57BL/6 mice produced dramatically opposite physiologic responses. The IL-4 HSV signifi- 
cantly prolonged survival of tumor bearers, whereas tumor-bearing mice that received the 
IL-10 HSV had a median survival that was identical to that of saline treated controls. In fact, 
the combination of HSV/IL-4 was shown to augment the oncolytic effect of HSV alone and 
improve the survival of mice with experimental brain tumors. Likewise, local expression of 
IL-12 via HSV was shown to increase Thl response and significantly increase the survival of 
mice with intracranial tumors. 

The effects observed with HSV have been documented with adenoviral vectors for the 
delivery of IL-4, IL-12 and tumor necrosis factor (TNF)-a. ( 55 - 57 ) and vaccinia-mediated 
delivery of IL-2 and IL- 12 ( 58 ). For example, mice bearing GL-26 gliomas in the right corpus 
striatum were treated with direct intratumoral administration of AdmIL-12, AdLacZ, or nor- 
mal saline to determine the effect of local adenoviral delivery of IL- 1 2 on glioma immunogenicity. 
Survival was significantly prolonged in AdmIL-12-treated animals and immunohistochemistry 
demonstrated robust CD4+ and CD8+ T-cell infiltration in these mice compared with the two 
control groups. Glioma-infiltrating T lymphocytes from mice that received AdmIL-12 also 
demonstrated relatively increased, albeit statistically nonsignificant tumor killing. Similarly, 
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attenuated recombinant vaccinia virus (rVV) carrying murine cytokine genes interleukin IL-2 
and IL-12 was shown to inhibit pre-established subcutaneously implanted C6 glioma. An anti- 
tumor effect did not depend on the dose of the viruses and all viruses induced a high level of 
cytokine expression in vitro and in vivo. The antitumor activity of rVV-mIL-12 was associ- 
ated with increases in both the percentage and number of natural killer T cells in the spleen. 
Local detection of interferon-y and TNF-a was also correlated with tumor growth arrest 
induced by the treatment. High-dose VV control vector per se induced tumor inhibition by 
activating Mac- 1 + cells in blood, but the antitumor effect was less pronounced compared with 
rVV-carrying cytokine genes {p < 0.05). Taken together, these results suggest that mice 
intracerebrally implanted with viral vectors producing IL-2, IL-4, IL-12 or TNF-a survive 
significantly longer than those implanted with noncytokine-secreting vectors. Furthermore, 
these results confirm the use of local cytokine delivery against brain tumors and when used 
in combination with oncolytic therapy, suggest a powerful means for targeted brain tumor 
therapy. 

TARGETED BIOLOGIC THERAPIES 

Although the focus of this review has been on currently available viral-based gene thera- 
pies, recent advances in the understanding of molecular changes that occur in HGG have 
yielded important information for design of targeted therapies. For instance, gliomas fre- 
quently exhibit increased activation of growth factor receptor pathways. Among them, the 
epidermal growth factor receptor (EGFR) is an attractive therapeutic target which is amplified 
in up to 40% of primary GBMs (59-61 ). Likewise, the platelet-derived growth factor receptor 
(PDGFR) appears to be an important factor contributing to the transformed phenotype of 
malignant brain tumors ( 61-63). Agents, which target these receptor as well their downstream 
activation pathways represent an area of active development. These include tyrosinase kinase 
inhibitors, farnesyltransferase inhibitors, as well as mammalian target of rapamycin inhibi- 
tors. Other potential targets for therapy of HGG include proteosomes, heat shock protein 90 
(Hsp90), chemokine receptor 4 (CXCR4), proto-oncogene RAF, histone deacetylases, and 
cell-cycle components such as CDK4. The ability of viral vectors to modulate these regulatory 
pathways via gene therapy may hold important implication for glioma therapy. 

An excellent example of a potential targeted biologic therapy involves the Sonic Hedgehog 
(Shh) pathway. Recent studies have suggested that the Shh signaling pathway plays a critical 
role in regulating the proliferation of cerebellar granule cell precursors and is also a major 
target of mutation in the cerebellar tumor medulloblastoma ( 64-67). Romer et al. used a mouse 
model of medulloblastoma to show that inhibition of the Shh pathway provides a novel therapy 
for medulloblastoma. By using an inhibitor of the Shh pathway the authors observed suppres- 
sion of several genes highly expressed in medulloblastoma, inhibition of cell proliferation, 
increase in cell death and, at the highest dose, complete eradication of tumors. Long-term 
treatment prolonged medulloblastoma-free survival (68). These findings support the develop- 
ment of Shh antagonists for the treatment of medulloblastoma and suggest that the delivery 
of targeted gene therapy may improve the survival of patients with these highly aggressive 
tumors. 

CONCLUSIONS 

The promise of gene therapy continues to stimulate interest in the field of neuro-oncology. 
However, despite over a decade of experience in this arena, the field of gene therapy in neuro- 
oncology is in its early stages of testing and development. 
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The first viral vectors utilized in gene therapy studies consisted of replication defective 
vectors. Although well tolerated with an acceptable safety profile, these vectors lacked speci- 
ficity and exhibited poor transgene expression. In this setting, newer and more complex 
oncolytic vectors have been designed to selectively replicate within tumor cells. The goal of 
these vectors is to not only to deliver the gene of interest but also to destroy the tumor cells. 
Whereas the preliminary data is encouraging, these viruses await testing within the clinical 
setting. Finally, nonviral vectors, including polymers and nanoparticles, are likely to be used 
in for the delivery of gene therapy. 

In the future, combination of gene therapy along with currently available anti-neoplastic 
treatments is likely to make an impact on patients with HGG. In the meantime, however, the 
challenge remains to design vectors which spare normal and healthy brain and selectively 
target the tumor. Only then will the ability to selectively deliver an appropriate gene to a 
defective or cancerous cell become a reality, which ultimately may impact on the course of 
one of the most devastating of human disease. 
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Summary 

Boron neutron capture therapy (BNCT) is based on the nuclear reaction that occurs when non- 
radioactive boron-10 is irradiated with low-energy thermal neutrons to yield high-linear energy trans- 
fer a particles and recoiling lithium-7 nuclei. Clinical interest in BNCT has focused primarily on the 
treatment of high-grade gliomas (HGG), and either cutaneous primaries or cerebral metastases of 
melanoma. Neutron sources for BNCT currently are limited to nuclear reactors and these are available 
in the United States, Japan, and several European countries. Accelerators also can be used to produce 
epithermal neutrons and these are being developed in a number of countries, but at this time none are 
being used for BNCT. Two boron drugs have been used clinically, sodium borocaptate (BSH) 
(Na 2 B 12 H 11 SH), and a dihydroxyboryl derivative of phenylalanine, referred to asboronophenylalanine 
(BPA). The major challenge in the development of boron delivery agents has been the requirement for 
selective tumor-targeting in order to achieve boron concentrations sufficient to deliver therapeutic 
doses of radiation to the tumor with minimal normal tissue toxicity. Over the past 20 yr, a wide variety 
of boron-containing compounds have been designed and synthesized. These include boron containing 
amino acids, biochemical precursors of nucleic acids, DNA binding molecules, and porphyrin deriva- 
tives. In addition, high-molecular-weight delivery agents have been developed, including liposomes 
and monoclonal antibodies (MAbs) and their fragments, which can recognize a tumor-associated 
epitope, such as epidermal growth factor. However, it is unlikely that any single agent will target all 
or even most of cells of brain tumors, and that combinations of agents will be required and their dosage 
and delivery will have to be optimized. Current or recently completed clinical trials have been carried 
out in Japan, Europe, and the United States. The vast majority of patients have had HGG. Treatment 
has consisted, first, of “debulking” surgery to remove as much of the tumor as possible, followed by 
BNCT at varying times after surgery. BSH and BPA have been used as the boron delivery agents, 
administered either intravenously or intra-arterially as was the case in the early studies with BSH. The 
best survival data from these studies are at least comparable to those obtained with surgery and external 
beam photon irradiation, and the safety of the procedure has been established. Critical issues that must 
be addressed include the need for more selective and effective boron delivery agents, the development 
of methods to provide semiquantitative estimates of tumor boron content prior to treatment, improve- 
ments in clinical implementation of BNCT, and finally, a need for randomized clinical trials with an 
unequivocal demonstration of therapeutic efficacy. If these issues are adequately addressed, then 
BNCT could move forward as a treatment modality. 

Key Words: BNCT; delivery agents; HGG; GBM. 
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INTRODUCTION 

After decades of intensive research, high-grade gliomas (HGG), and specifically glioblas- 
toma multiforme (GBM), are still extremely resistant to all current forms of therapy, including 
surgery, chemotherapy, radiotherapy, immunotherapy, and gene therapy ( 1 - 5 ). The 5-yr sur- 
vival rate of patients diagnosed with GBM in the United States is less than a few percent, 
despite aggressive treatment using combinations of therapeutic modalities ( 6 , 7 ). The failure 
of surgery to cure patients with HGG in part results from the fact that by the time they have had 
surgical resection of their tumors, malignant cells have infiltrated beyond the margins of 
resection and have spread into both gray and white matter ( 8 , 9 ). Therefore, high-grade suprat- 
entorial gliomas must be regarded as a whole brain disease ( 10 ). Glioma cells and their 
neoplastic precursors have biochemical properties that allow them to invade the unique extra- 
cellular environment of the brain ( 11,12 ), and biologic properties that allow them to evade a 
tumor-associated host immune response ( 13 ). The inability of chemo- and radiotherapy to 
cure patients with HGG results from their failure to eradicate microinvasive tumor cells within 
the brain. However, as recent molecular genetic studies of glioma suggest ( 14 ), it may be much 
more complicated than this, and the challenge facing us is to develop molecular strategies that 
can selectively target malignant cells with little or no effect on normal cells and tissues adjacent 
to the tumor. 

Boron neutron capture therapy (BNCT), in theory, provides a way to selectively destroy 
malignant cells and spare normal cells. It is based on the nuclear capture and fission reactions 
that occur when boron- 1 0, which is a nonradioactive constituent of natural elemental boron, 
is irradiated with low-energy thermal neutrons to yield high-linear energy transfer (LET) a 
particles ( 4 He) and recoiling lithium -7 ( 7 Li) nuclei, as shown below. 

| ► 4 He + 7 Li + 2.79 MeV (6%) 

l0 B + n th (0.025 eV)— U U B] 

I ► 4 He + 7 Li + 2.3 1 MeV (94%) 

I 

7 He + y + 0.48 MeV 

In order for BNCT to be successful, a sufficient amount of l0 B must be selectively delivered 
to the tumor (-20 ug/g weight or ~10 9 atoms/cell), and enough thermal neutrons must be 
absorbed by them to sustain a lethal 10 B(n,a) 7 Li capture reaction. Because the high LET 
particles have limited pathlengths in tissue (5-9 pm), the destructive effects of these high- 
energy particles is limited to boron containing cells. Clinical interest in BNCT has focused 
primarily on the treatment of HGG ( 15 ), and either cutaneous primaries ( 16 ), or cerebral 
metastases of melanoma ( 17 ), and most recently head and neck and liver cancer. Because 
BNCT is a biologically rather than physically targeted type of radiation treatment, the poten- 
tial exists to destroy tumor cells dispersed in the normal tissue parenchyma, if sufficient 
amounts of 10 B and thermal neutrons are delivered to the target volume. This review will cover 
radiobiological considerations upon which BNCT is based, boron agents and optimization of 
their delivery, neutron sources, which at this time are exclusively nuclear reactors, past and 
ongoing clinical studies, and critical issues that must be addressed if BNCT is to be successful. 
Readers interested in more in depth coverage of these and other topics related to BNCT are 
referred to several recent reviews and monographs ( 18 - 20 ). 
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RADIOBIOLOGICAL CONSIDERATIONS 
Types of Radiation Delivered 

The radiation doses delivered to tumor and normal tissues during BNCT result from energy 
deposition from three types of directly ionizing radiation that differ in their LET character- 
istics : ( 1 ) low-LET y rays, resulting primarily from the capture of thermal neutrons by normal 
tissue hydrogen atoms ['H(n,Y) 2 H]; (2) high-LET protons, produced by the scattering of fast 
neutrons and from the capture of thermal neutrons by nitrogen atoms [ 10 N(n,p) 14 C]; and 
(3) high-LET, heavier charged alpha particles (stripped down 4 He nuclei) and lithium-7 ions. 
These are released as products of the thermal neutron capture and fission reactions with 10 B 
[ 10 B(n,a) 7 Li], The greater density of ionizations along tracks of high-LET particles results in 
an increased biological effect compared to the same physical dose of low-LET radiation. This 
usually is referred to as relative biological effectiveness (RBE), which is the ratio of the 
absorbed dose from a reference source of radiation (e.g., X-rays) to that of the test radiation 
that produces the same biological effect. Because both tumor and surrounding normal tissues 
are present in the radiation field, even with an ideal epithermal neutron beam, there will be 
an unavoidable, nonspecific background dose, consisting of both high- and low-LET radia- 
tion. However, a higher concentration of 10 B in the tumor will result in it receiving a higher 
total dose than that of adjacent normal tissues, which is the basis for the therapeutic gain in 
BNCT (21). As recently reviewed ( 18), the total radiation dose delivered to any tissue can be 
expressed in photon-equivalent units as the sum of each of the high-LET dose components 
multiplied by weighting factors, which depend on the increased radiobiological effectiveness 
of each of these components. 

Biological Effectiveness Factors 

The dependence of the biological effect on the microdistribution of l0 B requires the use of 
a more appropriate term than RBE to define the biological effects of the 10 B(n, a) 7 Li reaction. 
Measured biological effectiveness factors for the components of the dose from this reaction 
have been termed compound biological effectiveness (CBE) factors and are drug-dependent 
( 21-23 ). The mode and route of drug administration, the boron distribution within the tumor, 
normal tissues, and even more specifically within cells, and even the size of the nucleus within 
the target cell population all can influence the experimental determination of the CBE factor. 
CBE factors, therefore, are fundamentally different from the classically defined RBE, which 
primarily is dependent on the quality (i.e., LET) of the radiation administered. CBE factors 
are strongly influenced by the distribution of the specific boron delivery agent, and can differ 
substantially, although they all describe the combined effects of a particles and 7 Li ions. The 
CBE factors for the boron component of the dose are specific for both the boron- 10 delivery 
agent and the tissue. A weighted Gray (Gy) unit (Gy[wj) has been used to express the sum- 
mation of all BNCT dose components and indicates that the appropriate RBE and CBE factors 
have been applied to the high-LET dose components. However, for clinical BNCT the overall 
calculation of photon-equivalent (Gy(w)) doses requires a number of assumptions about 
RBEs, CBE factors and the boron concentrations in various tissues, which have been based 
on the currently available human or experimental data (24,25). 

Clinical Dosimetry 

Biological weighting factors, summarized in Table 1, have been used in all of the recent 
clinical trials in patients with HGG, using BPA in combination with an epithermal neutron 
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Table 1 


Assumptions Used in the Clinical Trials of BPA-Based BNCT for Calculation 
of the 10 B(n,a) 7 Li Component of the Gy(w) Dose in Various Tissues 


Tissue 

Boron concentration “ 

CBE factor 

Tumor 

3.5 x blood (163) 

3.8 (29) 

Brain 

1.0 x blood (27,28) 

1.3 (22) 

Scalp/skin 

1.5 x blood (27,28) 

2.5 (26) 

Blood 

Measured directly 



"An RBE of 3.2 was used for the high-LET component of the beam dose: protons from the 
14 N(n,n) 14 C reaction, and the recoil protons from fast neutron collisions with hydrogen. Literature 
references are given in parentheses. 


beam. The 10 B(n,a) 7 Li component of the radiation dose to the scalp has been based on the 
measured boron concentration in the blood at the time of BNCT, assuming a blood:scalp boron 
concentration ratio of 1.5:1 ( 26 - 28 ) and a CBE factor for BPA in skin of 2.5 ( 26 ). An RBE 
of 3.2 has been used in all tissues for the high-LET components of the beam: protons resulting 
from the capture reaction with nitrogen, and recoil protons resulting from the collision of fast 
neutrons with hydrogen ( 2 7 - 29 ) . It must be emphasized that the tissue distribution of the boron 
delivery agent in humans should be similar to that in the experimental animal model in order 
to use the experimentally derived values for estimation of Gy(w) doses in clinical radiations. 

Dose calculations become much more complicated when combinations of agents are used. 
At its simplest, this could be the two low-molecular-weight drugs BPA and BSH. These have 
been shown to be highly effective when used in combination to treat F98 glioma bearing rats 
( 30 , 31 ), and currently are being used in combination in a clinical study in Japan ( 32 ). Because 
it currently is impossible to know the true biodistribution of each drug, dosimetric calculations 
in experimental animals have been based on independent boron determinations in other tumor 
bearing animals that have received the same doses of drugs but not BNCT. More recently, the 
radiation delivered has been expressed as a physical or absorbed dose rather than using CBE 
factors to calculate an RBE equivalent dose ( 33 ). The calculations are further complicated if 
low and high molecular weight delivery agents are used in combination with one another. 
Tumor radiation dose calculations, therefore, are based on multiple assumptions regarding 
boron biodistribution, which may vary from patient to patient, as well as within different 
regions of the tumor and among tumor cells. However, normal brain boron concentrations are 
much more predictable and uniform, and therefore, it has been shown to be both safe and 
reliable to base dose calculations on normal brain tolerance. 

BORON DELIVERY AGENTS 
General Requirements 

The development of boron delivery agents for BNCT began approx 50 yr ago and is an 
ongoing and difficult task of the highest priority. The most important requirements for a 
successful boron delivery agent are: (1) low systemic toxicity and normal tissue uptake with 
high tumor uptake and concomitantly high tumor:brain (T:Br) and tumor:blood (T:B1) con- 
centration ratios (>3-4:1); (2) tumor concentrations in the range of about 20 pg 10 B/g tumor; 
and (3) rapid clearance from blood and normal tissues and persistence in tumor during BNCT. 
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Fig. 1. Some low-molecular-weight BNCT agents under investigation. The nucleosides BPA (cpd 1) 
and BSH(cpd 2) are currently in clinical use in the United States, Japan, and Europe. GB-10 (cpd 3) has 
shown promise in animal models. The nucleoside derivatives D-CDU (cpd 4) and N5-20H (cpd 5) are 
tumor-selective and can be phosphorylated into the corresponding nucleotides. The trimethoxyindole 
derivative cpd 6 has shown promise in vitro and the porphyrin derivative cpd 7 was shown to be tumor- 
selective. The maltose derivative 8 has shown low cytotoxicity and tumor cell uptake in vitro, the 
bisphosphorate cpd 9 has tumor targating ability and the dequalinium derivative DEQ-B (cpd 10) has 
shown promise in in vitro studies. 


However, it should be noted that at this time no single boron delivery agent fulfills all of 
these criteria. With the development of new chemical synthetic techniques and increased 
knowledge of the biological and biochemical requirements needed for an effective agent 
and their modes of delivery, a number of promising new boron agents has emerged (Fig. 1). 
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The major challenge in their development has been the requirement for selective tumor 
targeting in order to achieve boron concentrations sufficient to deliver therapeutic doses of 
radiation to the tumor with minimal normal tissue toxicity. The selective destruction of GBM 
cells in the presence of normal cells represents an even greater challenge compared with 
malignancies at other anatomic sites, because they are highly infiltrative of normal brain, 
histologically complex and heterogeneous in their cellular composition. 

First and Second Generation Boron Delivery Agents 

The clinical trials of BNCT in the 1950s and early 1960s used boric acid and some of its 
derivatives as delivery agents, but these simple chemical compounds were nonselective, had 
poor tumor retention, and attained low-T:Br ratios ( 34 , 35 ). In the 1960s, two other boron 
compounds emerged from investigations of hundreds of low-molecular-weight boron-con- 
taining chemicals, one, (L)-4-dihydroxy-borylphenylalanine, referred to as boronophenyl- 
alanine (BPA) (cpd 1) was based on arylboronic acids ( 36 ), and the other was based on a 
newly discovered polyhedral borane anion, sodium mercaptoundecahydro-c/oso-dodecabor- 
ate ( 37 ), referred to as sodium borocaptate (BSH) (cpd 2). These “second” generation com- 
pounds had low toxicity, persisted longer in animal tumors compared with related molecules, 
and had T:Br and T:B1 boron ratios greater than 1. As will be described later, 10 B enriched 
BSH and BPA, complexed with fructose to improve its water solubility, have been used 
clinically in Japan, the United States, and Europe. Although these drugs are not ideal, their 
safety following intravenous administration has been established. Over the past 20 yr, several 
other classes of boron-containing compounds have been designed and synthesized in order 
to fulfill the requirements indicated at the beginning of this section. Detailed reviews of the 
state-of-the-art in compound development for BNCT have been published ( 38 - 41 ), and in 
this overview, we will only summarize the main classes of compounds with an emphasis on 
recently published work in the area, and we will discuss the general biochemical requirements 
for an effective boron delivery agent. 

Third Generation Boron Delivery Agents 

So-called “third” generation compounds mainly consist of a stable boron group or cluster 
attached via a hydrolytically stable linkage to a tumor-targeting moiety, such biomolecules 
or monoclonal antibodies (MAbs). For example, the targeting of the epidermal growth factor 
receptor (EGFR) and its mutant isoform EGFRvIII, which are over-expressed in gliomas and 
squamous cell carcinomas of the head and neck, has been one such approach ( 42 ). Low- 
molecular-weight biomolecules, such as porphyrins, have been shown to have selective 
targeting properties and many are at various stages of development for cancer chemo- 
therapy, photodynamic therapy (PDT), or antiviral therapy. The tumor cell nucleus and 
DNA are especially attractive targets because the amount of boron required to produce a 
lethal effect may be substantially reduced, if it is localized within or near the nucleus ( 43 ). 
Other potential subcellular targets are mitochondria, lysosomes, endoplasmic reticulum, 
and the Golgi apparatus. Water solubility is an important factor for a boron agent that is to 
be administered systemically, whereas lipophilicity is necessary for it to cross the blood- 
brain barrier (BBB) and diffuse within the brain and tumor. Therefore, amphiphilic com- 
pounds possessing a suitable balance between hydrophilicity and lipophilicity have been of 
primary interest because they should provide the most favorable differential boron concen- 
trations between tumor and normal brain, thereby enhancing tumor specificity. However, for 
low-molecular-weight molecules that target specific biological transport systems and/or are 
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incorporated into a delivery vehicle, such as liposomes, the amphiphilic character is not as 
crucial. The molecular weight of the boron-containing delivery agent also is an important 
factor, since it determines the rate of diffusion both within the brain and the tumor. 

LOW-MOLECULAR- WEIGHT AGENTS 
Boron Containing Amino Acids and Polyhedral Boranes 

Recognizing that BPA and BSH are not ideal boron delivery agents, considerable effort has 
been directed toward the design and synthesis of third generation, boron-containing amino 
acids and functionalized polyhedral borane clusters. Examples include various derivatives of 
BPA and other boron-containing amino acids such as glycine, alanine, aspartic acid, tyrosine, 
cysteine, methionine, as well as non-naturally occurring amino acids (44-49). The most 
recently reported delivery agents contain one or more boron clusters and concomitantly larger 
amounts of boron by weight compared with BPA. The advantages of such compounds are that 
they can potentially deliver higher concentrations of boron to tumors without increased tox- 
icity. The polyhedral borane dianions, c/oso-B 10 H 10 2 ~ and c/oso-B 12 H 12 2 ~ and the icosahedral 
carboranes closo- C 2 B 10 H 12 and ra'r/o-C 2 B 9 H 12 ", have been the most attractive boron clusters for 
linkage to targeting moieties as a result of their relatively easy incorporation into organic 
molecules, high boron content, chemical and hydrolytic stability, hydrophobic character and, 
in most cases, their negative charge. The simple sodium salt of c/oso-B 10 H 10 2_ (GB-10, cpd 3) 
has been shown to have tumor-targeting ability and low systemic toxicity in animal models 
(41 ) and it has been considered as a candidate for clinical evaluation (50). Other polyhedral 
borane anions with high boron content include derivatives of B 20 H 18 2_ , although these 
compounds have shown little tumor specificity and therefore may be better candidates for 
encapsulation into either targeted or nontargeted liposomes (51,52) and folate receptor target- 
ing, boron containing polyamidoamino (PAMAM) dendrimers (53), and liposomes (54). 
Boron-containing dipeptides also have shown low toxicity and good tumor-localizing prop- 
erties (55,56). 


Biochemical Precursors and DNA Binding Agents 

Several boron-containing analogues of the biochemical precursors of nucleic acids, includ- 
ing purines, pyrimidines, nucleosides and nucleotides, have been synthesized and evaluated in 
cellular and animal studies (57-61). Some of these compounds, such as (3-5-o-carboranyl-2'- 
deoxyuridine (D-CDU, cpd 4) and the 3-(dihydroxypropyl-carboranyl-pentyl)thymidine 
derivative N5-20H (cpd 5), have shown low toxicides, selective tumor cell uptake and signifi- 
cant rates of phosphorylation into the corresponding nucleotides ( 62-64 ). Intracellular nucle- 
otide formation potentially can lead to enhanced tumor uptake and retention of these types of 
compounds (63,64). 

Another class of low-molecular-weight delivery agents are boron-containing DNA bind- 
ing molecules, such as alkylating agents, intercalators, groove binders, and polyamines. 
Some examples are derivatives of aziridines, acridines, phenanthridines (e.g., cpd 6), tri- 
methoxyindoles, carboranylpolyamines, Pt(II)-amine complexes, and di- and tri-benzimida- 
zoles (65-68). A limitation of boron-containing polyamines is their frequently observed in 
vitro and in vivo toxicity, although promising derivatives with low cytotoxicity have been 
synthesized ( 69-72). Other nuclear-targeting molecules are nido - carboranyl oligomeric phos- 
phate diesters (OPDs). Despite their multiple negative charges, OPDs have been shown to 
target the nuclei of TC7 cells following microinjection (73), suggesting that the combination 
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of OPDs with a cell-targeting molecule capable of crossing the plasma membrane could 
provide both selectivity and nuclear binding. Such a conjugate has been designed and syn- 
thesized (74), although its biological evaluation has yet to be reported. 

Boron Containing Porphyrins and Related Structures 

Several boron-containing fluorescent dyes, including porphyrin, tetrabenzoporphyrin and 
phthalocyanine derivatives, have been synthesized and evaluated (75-78). These have the 
advantage of being easily detected and quantified by fluorescence microscopy, and they have 
the potential for interacting with DNA because of their planar aromatic structures. Among 
these macrocycles, boron-containing porphyrins (e.g., cpd 7: H 2 DCP) have attracted special 
attention because of their low systemic toxicity compared with other dyes, easy synthesis with 
high boron content, and their remarkable stability (78-81 ). Porphyrin derivatives have been 
synthesized that contain up to 44% boron by weight using closo- or n/r/o-carboranc clusters 
linked to the porphyrin macrocycle via ester, amide, ether, methylene or aromatic linkages 
(75-84). The nature of these linkages is believed to influence their stability and systemic 
toxicity. Therefore, with these and other boron delivery agents, chemically stable carbon- 
carbon linkages have been preferred over ester and amide linkages that potentially can be 
cleaved in vivo. Boron-containing porphyrins have excellent tumor-localizing properties 
(75-81 ) and have been proposed for dual application as boron delivery agents and photosen- 
sitizers for PDT of brain tumors (84-90). Our own preliminary data with H 2 TCP (tetra [nido- 
carboranylphcnyl ] porphyrin), administered intracerebrally by means of convection enhanced 
delivery (CED) to F98 glioma bearing rats, showed tumor boron concentrations of 150 ug/g 
tumor with concomitantly low normal brain and blood concentrations (91). Ozawa et al. 
recently described a newly synthesized polyboronated porphyrin, designated TABP- 1 , which 
was administered by CED to nude rats bearing intracerebral implants of the human glioblas- 
toma cell line U-87 MG (92). High tumor and low blood boron concentrations were observed 
and both we and Ozawa have concluded that direct intracerebral administration of the 
carboranyl porphyrins by CED is superior to systemic administration. Furthermore, despite the 
bulkiness of the carborane cages, carboranylporphyrins have been shown to interact with DNA 
and thereby produce in vitro DNA damage following light activation (93,94). Boronated 
phthalocyanines have been synthesized, although these compounds usually have had decreased 
water-solubility and an increased tendency to aggregate, compared to the corresponding 
porphyrins (75,76,85,86). Boron-containing acridine molecules also have been reported to 
selectively deliver boron to tumors with high T:Br and T:B1 ratios, whereas phenanthridine 
derivatives were found to have poor specificity for tumor cells (93-95). 

Other Low -Molecular-Weight Boron Delivery Agents 

Carbohydrate derivatives of BSH and other boron-containing glucose, mannose, ribose, 
gulose, fucose, galactose, maltose (e.g., cpd 8), and lactose molecules have been synthesized, 
and some of these compounds have been evaluated in both in vitro and in vivo studies ( 98-104 ). 
These compounds usually are highly water-soluble and, as apossible consequence of this, they 
have shown both low toxicity and uptake in tumor cells. It has been suggested that these 
hydrophilic low-molecular-weight derivatives have poor ability to cross tumor cell mem- 
branes. However, they might selectively accumulate within the glycerophospholipid mem- 
brane bilayer and in other areas of the tumor, such as the vasculature. 

Low-molecular-weight boron-containing receptor-binding molecules have been designed 
and synthesized. These have been mainly steroid hormone antagonists, such as derivatives of 
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tamoxifen, 17 (3-estradiol, cholesterol, and retinoic acid ( 105-109). The biological properties 
of these agents depend upon the density of the targeted receptor sites, although to date very 
little biological data have been reported. Other low-molecular- weight boron-containing com- 
pounds that have been synthesized include phosphates, phosphonates, (e.g. cpd 9), 
phenylureas, thioureas, nitroimidazoles, amines, benzamides, isocyanates, nicotinamides, 
azulenes, and dequalinium derivatives (e.g., dequalinium-B, cpd 10) ( 110-112). Because no 
single chemical compound, as yet synthesized, has the requisite properties, the use of multiple 
boron delivery agents is probably essential for targeting different subpopulations of tumor 
cells and subcellular sites. Furthermore, lower doses of each individual agent would be needed, 
which could reduce systemic toxicity while at the same time enhancing tumor boron levels to 
achieve a therapeutic effect. 

HIGH-MOLECULAR-WEIGHT AGENTS 

Monoclonal Antibodies, Other Receptors Targeting Agents and Liposomes 

High-molecular-weight boron delivery agents such as MAbs and their fragments, which 
can recognize a tumor-associated epitope, have been ( 113-1 15) and continue to be of interest 
to us ( 116,117 ) and are the subject of a recent review (118). Although they can be highly 
specific, only very small quantities reach the brain and tumor following systemic adminis- 
tration as a result of their rapid clearance by the reticuloendothelial system and the BBB, 
which effectively limits their ability to cross capillary vascular endothelial cells. Boron- 
containing bioconjugates of EGF (119,120), the receptor for which is overexpressed on a 
variety of tumors, including GBM ( 121,122), also have been investigated as potential deliv- 
ery agents to target brain tumors. However, it is unlikely that either boronated antibodies or 
other bioconjugates would attain sufficiently high concentrations in the brain following 
systemic administration, but, as described later in this section, direct intracerebral delivery 
could solve this problem. Another approach would be to directly target the vascular endot- 
helium of brain tumors using either boronated MAbs or VEGF, which would recognize 
amplified VEGF receptors. The use of boron containing VEGF bioconjugates would obviate 
the problem of passage of a high-molecular-weight agent across the BBB, but their use most 
likely would require repeated applications of BNCT because tumor neovasculature can con- 
tinuously regenerate. Backer et al. have reported that targeting a Shiga-like toxin-VEGF 
fusion protein was selectively toxic to vascular endothelial cells overexpressing VEGFR-2 
(123). Recently, a bioconjugate has been produced by chemically linking a heavily boronated 
poly aminoamido (PAMAM) dendrimer to VEGF (124). This selectively targeted tumor blood 
vessels overexpressing VEGFR-2 in mice bearing 4T1 breast carcinoma. There also has been 
a longstanding interest on the use of boron-containing liposomes as delivery agents (51,52, 
125,126), but their size has limited their usefulness as brain tumor targeting agents, because 
they are incapable of traversing the BBB unless they have diameters <50 nm ( 127). If, on the 
other hand, they were administered intracerebrally or were linked to an actively transported 
carrier molecule such as transferin, or alternatively, if the BBB was transiently opened, these 
could be very useful delivery agents, especially for extra-cranial tumors such as liver cancer. 

Recent work has focused on the use of a chemeric MoAb, cetuximab (IMC-C225 also 
known as Erbitux®), produced by ImClone Systems, Inc. (117). This antibody recognizes both 
wildtype EGFR and its mutant isoform, EGFRvIII ( 128), and now is in use for the treatment 
of EGFR(+) recurrent colon cancer ( 129) and head and neck cancer. Using previously devel- 
oped methodology (113), a PAMAM or “starburst” dendrimer was heavily boronated and then 
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linked by means of heterobifunctional reagents to EGF (120), cetuximab (117), or another 
MAb, L8A4 (130), which is specifically directed against EGFRvIII (131). In order to com- 
pletely bypass the BBB, the bioconjugates were administered by either direct intratumoral (it) 
injection ( 132 ) or CED ( 130, 133 ) to rats bearing intracerebral implants of the F98 glioma that 
had been genetically engineered (132) to express either wildtype EGFR (133) or EGFRvIII 
( 130). Administration by either of these methods resulted in tumor boron concentrations that 
were in the therapeutic range (i.e., ~20 ug/g tumor weight). Based on the favorable uptake of 
these bioconjugates, therapy studies were initiated at the Massachusetts Institute of Technol- 
ogy nuclear reactor (MITR). The mean survival times (MST) of animals that received either 
boronated cetuximab ( 134 ) or EGF (135) were significantly prolonged compared to those of 
animals bearing receptor negative tumors. A further improvement in MSTs was seen if the 
animals received BPA, administered intravenously (iv) in combination with the boronated 
bioconjugates, thereby validating our hypothesis that combinations of agents may be superior 
to any single agent (31). As can be seen from the preceding discussion, the design and syn- 
thesis of low- and high-molecular-weight boron agents have been the subject of intensive 
investigation. However, optimization of their delivery has not received enough attention, but 
nevertheless it is of critical importance. 

OPTIMIZING DELIVERY OF BORON CONTAINING AGENTS 
General Considerations 

Delivery of boron agents to brain tumors is dependent on: (1) the plasma concentration 
profile of the drug, which depends upon the amount and route of administration, (2) the ability 
of the agent to traverse the BBB, (3) blood flow within the tumor, and (4) the lipophilicity of 
the drug. In general, a high steady-state blood concentration will maximize brain uptake, 
whereas rapid clearance will reduce it, except in the case of intra-arterial (ia) drug administra- 
tion. Although the iv route currently is being used clinically to administer both BSH and BPA, 
this may not be ideal and other strategies may be needed to improve their delivery. Delivery 
of boron-containing drugs to extracranial tumors, such as head, neck, and liver cancer, pre- 
sents a different set of problems, including non-specific uptake and retention in adjacent 
normal tissues. 

Intra-arterial Administration With or Without Blood-Brain Barrier Disruption 

As shown in experimental animal studies (30,31,134-136), enhancing the delivery of BPA 
and BSH can have a dramatic effect both on increasing tumor boron uptake and the efficacy 
of BNCT. This has been demonstrated in the F98 rat glioma model where intracarotid (ic) 
injection of either BPA or BSH doubled the tumor boron uptake compared to that obtained by 
iv injection (30). This was increased fourfold by disrupting the BBB by infusing a hyperosmotic 
(25%) solution of mannitol via the internal carotid artery. MST of animals that received either 
BPA or BSH ic with BBB-D were increased 295 and 117%, respectively, compared with 
irradiated controls (30). The best survival data were obtained using both BPA and BSH in 
combination, administered by ic injection with BBB-D. The MST was 140 d with a cure rate 
of 25%, compared with 41 d following iv injection with no longterm surviving animals ( 31 ). 
Similar data have been obtained using a rat model for melanoma metastatic to the brain. BPA 
was administered ic to nude rats bearing intracerebral implants of the human MRA 27 mela- 
noma with or without BBB-D. The MSTs were 104 to 1 15 d with 30% long-term survivors 
compared with a MST of 42 d following iv administration ( 134). A similar enhancement in 
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tumor boron uptake and survival was observed in F98 glioma bearing rats following ic infusion 
of the bradykinin agonist, RMP-7 (receptor mediated permeabilizer-7), and more recently called 
Cereport™ ( 136). In contrast to the increased tumor uptake, normal brain boron values at 2.5 
h following ic injection were very similar for the iv and ic routes with or without BBB-D. 
Because BNCT is a binary system, normal brain boron levels only are of significance at the 
time of irradiation and high values at earlier time points are inconsequential. These studies 
have shown that a significant therapeutic gain can be achieved by optimizing boron drug 
delivery, and this should be important for both ongoing and future clinical trials using BPA 
and/or BSH. 


Direct Intracerebral Delivery 

Different strategies may be required for other low-molecular- weight boron containing com- 
pounds whose uptake is cell cycle dependent, such as boron containing nucleosides, where 
continuous administration over a period of days may be required. We recently have reported 
that direct it injection or CED of the borononucleoside N5-20H (cpd 5) were both effective 
in selectively delivering potentially therapeutic amounts of boron to rats bearing intracerebral 
implants of the F98 glioma (60). Direct it injection or CED most likely will be necessary for 
a variety of high-molecular- weight delivery agents such as boronated MAbs and ligands such 
as EGF ( 129, 134), as well as forlow-molecular- weight agents such as nucleosides and porphy- 
rins (134). Recent studies have shown that CED of a boronated porphyrin derivative similar 
to cpd 7, designated H 2 DCP, resulted in the highest tumor boron values and T:Br and T:B1 
ratios that we have seen with any of the boron agents that we have ever studied ( 135 ). 

NEUTRON SOURCES FOR BNCT 
Nuclear Reactors 

Neutron sources for BNCT currently are limited to nuclear reactors and in the present 
section we will only summarize information that is described in more detail in a recently 
published review ( 138 ). Reactor derived neutrons are classified according to their energies as 
thermal (E n <0.5 eV), epithermal (0.5 eV <E n < lOkeV), or fast (E n > 10 keV). Thermal neutrons 
are the most important for BNCT because they usually initiate the 10 B(n, a) 7 Li capture reaction. 
However, because thermal neutrons have a limited depth of penetration, epithermal neutrons, 
which lose energy and fall into the thermal range as they penetrate tissues, are now preferred 
for clinical therapy. A number of reactors with very good neutron beam quality have been 
developed and currently are being used clinically. These include: (1) Massachusetts Institute 
of Technology Research Reactor, shown schematically in Fig. 2 (139)', (2) the FiRl clinical 
reactor in Helsinki, Finland ( 140)\ (3) R2-0 High Flux Reactor (HFR) at Petten in the Neth- 
erlands (141)\ (4) FVR-15 reactor at the Nuclear Research Institute (NRI) in Rez, Czech 
Republic ( 742); (5). Kyoto University Research Reactor (KURR) in Kumatori, Japan ( 743); 
(6) JRR4 at the Japan Atomic Energy Research Institute (JAERI) ( 144)', (7) the RA-6 CNEA 
reactor in Bariloche, Argentina (745); and (8) until June 2005, the R2-0 clinical reactor, 
operated by a private company Studsvik Medical AB in Sweden ( 146 ). Other reactor facilities 
are being designed, notably the TAPIRO reactor ( 147) at the Ente Nazionale Energia Atomica 
(ENEA) Casaccia Center near Rome, Italy, which is unique in that it will be a low-power fast- 
flux reactor, and a facility in Beijing, China, which will be used exclusively for BNCT ( 148 ). 
This reactor will have a power of 30 kW and currently is under construction adjacent to the 
“401” hospital in a southwestern suburb of Beijing. Two reactors that have been used in the 
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Fig. 2. Schematic diagram of the Massachusetts Institute of Technology Reactor (MITR). The fission 
converter based epithermal neutron irradiation (FCB) facility is housed in the experimental hall of the 
MITR and operates in parallel with other user applications. The FCB contains an array of 10 spent 
MITR-II fuel elements cooled by forced convection of heavy water coolant. A shielded horizontal beam 
line contains an aluminum and Teflon® filter- moderator to tailor the neutron energy spectrum into the 
desired epithermal energy range. A patient collimator defines the beam aperture and extends into the 
shielded medical room to provide circular apertures ranging from 16 to 8 cm in diameter. The in-air 
epithermal flux for the available field sizes ranges from 3.2 to 4.6x 10 9 n /cm 2 s at the patient position. 
The measured specific absorbed doses are constant for all field sizes and are well below the inherent 
background of 2.8 x 1 0 1 2 RBE Gy cwr/n produced by epithermal neutrons in tissue. The dose distri- 
butions achieved with the FCB approach the theoretical optimum for BNCT. 


past for clinical BNCT are the Musashi Institute of Technology (MuITR) reactor in Japan 
( 149 ) and the Brookhaven Medical Research Reactor (BMRR) at the Brookhaven National 
Laboratory (BNL) in Upton, Long Island, New York ( 150 ). The MuITR was used by Hatanaka 
( 149 ) and later by Hatanaka and Nakagawa ( 151 ). The BMRR was used for the clinical trial 
that was conducted at the Brookhaven National Laboratory between 1994 and 1999 ( 28 , 152 ) 
and the results are described in detail later in this section. For many reasons reasons, including 
the cost of maintaining the BMRR, it has been deactivated and is no longer available for use. 

Reactor Modifications 

Two approaches are being used to modify reactors for BNCT. The first or direct approach, 
is to moderate and filter neutrons that are produced in the reactor core. The second, the fission 
converter-plate approach, is indirect in that neutrons from the reactor core create fissions 
within a converter-plate that is adjacent to the moderator assembly, and these moderated neu- 
trons produce a neutron beam at the patient port. The MITR (Fig. 2), which utilizes a fission 
converter-plate, currently sets the standard in the world for the combination of high neutron 
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beam quality and short treatment time ( 153 ). It operates at a power of 5 megawatts (MW) and 
has been used for clinical as well as experimental studies for BNCT. Although the power is 
high compared with the majority of other reactors that are being used, the treatment time is 
unusually short because it utilizes a fission converter-plate to create the neutron beam. All 
other reactors use the direct approach to produce neutron beams for BNCT. Three examples 
are theFiRl reactor in Finland ( 140 ), the Studsvik reactor in Sweden ( 146 ), and the Washing- 
ton State University (WSU) reactor in the United States ( 154 ), which was built for the treat- 
ment of both small and large experimental animals. 

Accelerators 

Accelerators also can be used to produce epithermal neutrons and accelerator based neutron 
sources (ABNSs) are being developed in a number of countries ( 155 - 161 ), and interested 
readers are referred to a recently published detailed review on this subject ( 162 ). For ABNSs, 
one of the more promising nuclear reactions involves bombarding a 7 Li target with 2.5 MeV 
protons. The average energy of the neutrons that are produced is 0.4 MeV and the maximum 
energy is 0.8 MeV. Reactor derived fission neutrons have greater average and maximum 
energies than those resulting from the 7 Li(p,n) 7 Be reaction. Consequently, the thickness of the 
moderator material that is necessary to reduce the energy of the neutrons from the fast to the 
epithermal range is less for an ABNS than it is for a reactor. This is important because the 
probability that a neutron will be successfully transported from the entrance of the moderator 
assembly to the treatment port decreases as the moderator assembly thickness increases. As 
a result of lower and less widely distributed neutron source energies, ABNSs potentially can 
produce neutron beams with an energy distribution that is equal to or better than that of a 
reactor. However, reactor derived neutrons can be easily collimated, while on the other hand, 
it may not be possible to achieve good collimation of ABNSs neutrons at reasonable proton 
beam currents. The necessity of good collimation for the effective treatment of GBM is an 
important and unresolved issue that may affect usefulness of ABNSs for BNCT. ABNSs also 
are compact enough to be sited in hospitals, thereby allowing for more effective, but techni- 
cally more complicated, procedures to carry out BNCT. However, to date, no ABNSs have 
been constructed which can be sited in a hospital and that provide a current of sufficient 
magnitude to treat patients in less than 30 min with a beam quality comparable to that of the 
MITR. Furthermore, issues relating to target manufacture and cooling must be solved before 
ABNS become a reality. The ABNS that is being developed at the University of Birmingham 
in England, by modifying a Dynamitron linear electrostatic accelerator ( 155 ), may be the first 
facility where patients will be treated, although progress has been slow. Another ABNSs is 
being constructed by LINAC Systems, Inc. in Albuquerque, New Mexico ( 163 ), and this could 
be easily sited in a hospital and produce an epithermal neutron beam. 

Beam Optimization 

For both reactors and ABNSs, a moderator assembly is necessary to reduce the energy of 
the neutrons to the epithermal range. The neutrons comprising the neutron beam have a dis- 
tribution of energies and are accompanied by unwanted X-rays and y photons. A basic tenet of 
BNCT is that the dose of neutrons delivered to the target volume should not exceed the 
tolerance of normal tissues, and this applies to neutron beam design, as well as to treatment 
planning ( 25 ). The implications of this for beam design is that the negative consequences of 
increased normal tissue damage for more energetic neutron beams at shallow depths out- 
weighs the benefits of more deeply penetrating energetic neutrons. For fission reactors, the 


444 


Part V / Barth et al. 


average energy of the neutrons produced is approx 2 MeV, but small numbers have energies 
as high as 10 MeV. There is generally a trade off between treatment time and the optimum 
beam for patient treatment in terms of the energy distribution of the neutrons and the contami- 
nation of the neutron beam with X-rays and y photons. Not surprisingly, reactors with the 
shortest treatment time (i.e., the highest normal tissue dose rate) operate at the highest power, 
because the number of neutrons that is produced per unit time is proportional to the power, 
measured in MW. Furthermore, high beam quality is most easily achieved using reactors with 
high power, because a larger fraction of the neutrons can be filtered, as the neutrons traverse 
the moderator assembly without making the treatment time exceedingly long. 

CLINICAL STUDIES OF BNCT FOR BRAIN TUMORS 

Early Trials 

Although the clinical potential of BNCT was recognized in the 1930s ( 164 ), it was not until 
the 1950s that the first clinical trials were initiated by Farr at the BNL ( 34 ) and by Sweet and 
Brownell at the Massachusetts General Flospital (MGF1) using the MIT reactor ( 35 , 165 , 
166 ). The disappointing outcomes of these trials, which ended in 1961, were carefully ana- 
lyzed by Slatkin ( 167 ). These were primarily attributable to: (1) inadequate tumor specificity 
of the inorganic boron chemicals that had been used as capture agents, (2) insufficient tissue 
penetrating properties of the thermal neutron beams, and (3) high blood-boron concentrations 
that resulted in excessive damage to normal brain vasculature and to the scalp ( 35 , 165 , 166 ). 

Japanese Clinical Trials 

Clinical studies were resumed by Hatanaka in Japan in 1967, following a 2-yr fellowship 
in Sweet’s laboratory at the MGH, using a thermal neutron beam and BSH, which had been 
developed as a boron delivery agent by Soloway at the MGH ( 37 ). In Hatanaka’s procedure 
( 149 , 151 ), as much of the tumor was surgically removed as possible (“debulking”), and at 
some time thereafter, BSH was administered by a slow infusion, usually intra-arterially ( 149 ), 
but later intravenously ( 151 ). Twelve to 14 h later, BNCT was carried out at one or another 
of several different nuclear reactors. Because thermal neutrons have a limited depth of pen- 
etration in tissue, this necessitated reflecting the skin and raising the bone flap in order to 
directly irradiate the exposed brain. This eliminated radiation damage to the scalp and permit- 
ted treatment of more deep-seated residual tumors. As the procedure evolved over time, a 
ping-pong ball or silastic sphere was inserted into the resection cavity to create a void space 
in order to improve neutron penetration into deeper regions of the tumor bed and adj acent brain 
( 149 , 151 , 168 , 169 ). This is a major difference between the procedure carried out by Hatanaka, 
Nakagawa, and other Japanese neurosurgeons and the BNCT protocols that have been carried 
out in the United States and Europe. The latter have utilized epithermal neutron beams that 
have not required reflecting the scalp and raising the bone flap at the time of irradiation. This 
has made it difficult to directly compare the Japanese clinical results with those obtained 
elsewhere. This continued until very recently, when the Japanese started using epithermal 
neutron beams. Most recently, Miyatake et al. have initiated a clinical study utilizing the 
combination of BSH and BPA, both of which were administered iv at 12 h and 1 h, respec- 
tively, prior to irradiation with an epithermal neutron beam ( 32 ). A series of 1 1 patients with 
HGG have been treated, and irrespective of the initial tumor volume, magnetic resonance 
imaging (MRI) and computed tomography (CT) images showed a 17 to 51% reduction in 
tumor volume and this reached a maximum of 30 to 88% (Fig. 3). However, the survival times 


Chapter 26 / BNCT 


445 



Fig. 3. Radiographic changes following BNCT in two representative patients with GBM. In both, there 
was a reduction in both mass and peritumoral edema without the administration of corticosteroids or 
mannitol within a few days. This is also shown in the FLAIR image of Case no. 12. 


of these patients were not improved over historical controls and further studies are planned to 
optimize the dosing and delivery of BPA and BSH. 

Analysis of the Japanese Clinical Results 

Retrospective analysis of subgroups of patients treated in Japan by Hatanaka and Nakagawa 
( 168,169) have described 2-, 5-, and 10-yr survival rates (1 1.4, 10.4, and 5.7%, respectively) 
that were significantly better than those observed among patients treated with conventional, 
fractionated, external beam photon therapy. However, a cautionary note was sounded by 
Laramore and Spence (170) who analyzed the survival data of a subset of 12 patients from the 
United States who had been treated by Hatanaka between 1987 and 1994. They concluded that 
there were no differences in their survival times compared with those of age matched controls, 
analyzed according to the stratification criteria utilized by Curran et al. (6) . In a recent review 
of Hatanaka’ s clinical studies, Nakagawa reported that the physical dose from the 10 B(n, a) 7 Li 
reaction, delivered to a target point 2 cm beyond the surgical margin, correlated with survival 
( 169). For 66 patients with GBMs, those who survived less than 3 yr (n - 60) had a minimum 
target point dose of 9.5 ± 5.9 Gy, whereas those who survived for more than 3 yr (n - 6) had 
a minimum target point dose of 15.6 ±3.1 Gy from the 1H B(n, a) 7 Li reaction ( 169). The boron 
concentrations in brain tissue at the target point, which are required to calculate the physical 
radiation dose attributable to the 1() B(n, a) 7 Li capture reaction, were estimated to be 1 .2 times 
that of the patient’s blood-boron concentration (171). 
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Other Recent and Ongoing Clinical Trials 

Beginning in 1994 a number of clinical trials, summarized in Table 2, were initiated in the 
United States and Europe. These marked a transition from low energy thermal neutron irra- 
diation to the use of higher energy epithermal neutron beams with improved tissue penetrating 
properties, which obviated the need to reflect skin and bone flaps prior to irradiation. Until 
recently, the procedure carried out in Japan required neurosurgical intervention immediately 
prior to irradiation, whereas the current epithermal neutron-based clinical protocols are radio- 
therapeutic procedures, performed several weeks after debulking surgery and without the 
need for this. Clinical trials for patients with brain tumors were initiated at a number of 
locations including: (1) the BMR at BNL from 1994 to 1999 for GBM using BPA with one or 
two neutron radiations, given on consecutive days ( 1 72-1 74); (2) the MITR from 1996 to 1999 
for GBM and intracerebral melanoma (175,176); (3) the HFR, Petten, The Netherlands and 
the University of Essen in Germany in 1997 using BSH (177); (4) the FiRl at the Helsinki 
University Central Hospital ( 140) from 1999 to the present; (5) the Studsvik reactor facility 
in Sweden from 2001 to June 2005, carried out by the Swedish National Neuro-Oncology 
Group ( 146) and finally, (6) the NRI reactor in Rez, Czech Republic by Tovarys using BSH 
(178). The number of patients treated in this study is small and the followup is still rather short. 

Initially clinical studies using epithermal neutron beams were primarily phase I safety and 
dose-ranging trials and a BNCT dose to a specific volume or critical region of the normal brain 
was prescribed. In both the BNL and the Harvard/MIT clinical trials, the peak dose delivered 
to a 1 cm 3 volume was escalated in a systematic way. As the dose escalation trials have pro- 
gressed, the treatments have changed from single-field irradiations or parallel opposed irra- 
diations, to multiple non-coplanar irradiation fields, arranged in order to maximize the dose 
delivered to the tumor. A consequence of this approach has been a concomitant increase in the 
average doses delivered to normal brain. The clinical trials at BNL and Harvard/MIT using 
BPA and an epithermal neutron beam in the USA have now been completed. 

Analysis of the Brookhaven and MIT Clinical Results 

The BNL and Harvard/MIT studies have provided the most detailed data relating to normal 
brain tolerance following BNCT. A residual tumor volume of 60 cm’ or greater lead to a greater 
incidence of acute CNS toxicity. This primarily was related to increased intracranial pressure, 
resulting from tumor necrosis and the associated cerebral edema (179). The most frequently 
observed neurological side effect associated with the higher radiation doses, other than the 
residual tumor volume -related effects, was radiation related somnolence. This is a well rec- 
ognized effect following whole brain photon irradiation, especially in children with leukemia 
or lymphoma, who have received CNS irradiation. However, somnolence is not a very well- 
defined radiation related endpoint because it frequently is diagnosed after tumor recurrence 
has been excluded. Therefore, it is not particularly well suited as a surrogate marker for normal 
tissue tolerance. In the dose escalation studies carried out at BNL ( 152,174), the occurrence 
of somnolence in the absence of a measurable tumor dose response was clinically taken as the 
maximum tolerated normal brain dose. The volume-averaged whole brain dose and the inci- 
dence of somnolence increased significantly as the BNL and Harvard/MIT trials progressed. 
The volume of tissue irradiated has been shown to be a determining factor in the development 
of side effects ( 180, 181 ). Average whole brain doses greater than 5.5 Gy(w) were associated 
with somnolence in the trial carried out at BNL, but not in all of the patients in the Harvard/ 
MIT study (175,182). The BNL and Harvard/MIT trials were completed in 1999. Both pro- 


Table 2 


Summary of Current or Recently Completed Clinical Trials of BNCT for the Treatment of GBM 


Facility 

No. of patients 

Duration 
of administration 

Drug 

Dose 

(\4g/kg) 

Boron 

concentration a 
(W w B/g) 

Estimated peak 
normal brain dose 
[Gy(w) 1 

Average normal 
brain dose 
[Gy(w)] h 

Ref 

HTR, MuITR, JRR, KURR, 

>200 

1 h 

BSH 

100 

-20-30 

15 Gy * 

ND 

157,158 

Japan 

(1968-2003) 





10 B component 



HFR, Petten, 

26 

100 mg/kg/min 

BSH 

100 

30' 

8.6-11.4 Gy d 

ND 

166 

The Netherlands 

(1997-2001) 





10 B component 



LVR-15, Rez, 

5 

1 h 

BSH 

100 

-20-30 

<14.2 

<2 

167 

Czech Republic 

(2001-pres) 








BMRR 

53 

2 h 

BP A 

250-330 

12-16 

8.4-14.8 

1. 8-8.5 

141,168 

Brookhaven, USA 

(1994-1999) 








MITR-II, M67 

20 e 

1-1.5 h 

BP A 

250-350 

10-12 

8.7-16.4 

3. 0-7. 4 

165 

MIT, USA 

(1996-1999) 








MITR-II, FCB 

6 

1.5 h 

BP A 

350 

-15 



Unpublished 

MIT, USA 

(2001) 








Fir 1, 

18 

2 h 

BP A 

290-400 

12-15 

8-13.5 

3-6 

1 30 

Flelsinki Finland 

(1999-pres) 









protocol P-01 






<7 


Fir 1, 

3 

2 h 

BP A 

290 

12-15 

<8 

2-3 

130 

Flelsinki Finland 

(2001-pres) 8 









protocol P-03 






<6 


R2-0 Studsvik 

17(30 ) f 

6 h 

BP A 

900 

24 

7.3-15.5 

3.6-6. 1 

136 

AB Sweden 

(2001-2005) 




(range: 15-34) 





Notes:" During the irradiation. 

b 10 B physical dose component dose to a point 2-cm deeper than the air-filled tumor cavity. 

"4 fractions, each with a BSH infusion, 100 mg/kg the first day, enough to keep the average blood concentration at 30 pg 10 B/g during treatment on days 2-4. 
d 10 B physical dose component at the depth of the thermal neutron fluence maximum. 

‘ Includes 2 intracranial melanomas. 

tj. Capala, unpublished, personal communication. 

s Retreatment protocol for recurrent GBM. 

* ND, not determined 
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duced median and 1 -yr survival times that were comparable to conventional external beam 
photon therapy ( 6 ). Although both were primarily phase I trials to evaluate the safety of dose 
escalation as the primary endpoint for radiation related toxicity, the secondary endpoints were 
quality-of-life, time to progression, and overall survival. The MST for 53 patients from the 
BNL trial and the 18 GBM patients from the Harvard/MIT trial were 13 and 12 mo, respec- 
tively. Following recurrence, most patients received some form of salvage therapy, which may 
have further prolonged overall survival. Time to progression, which would eliminate salvage 
therapy as a contributing factor, probably would be a better indicator of the efficacy of BNCT, 
although absolute survival time is still the “gold standard” for any clinical trial. The quality- 
of-life for most of the BNL patients was very good, especially considering that treatment was 
given in one or two consecutive daily fraction(s). 

Clinical Trials Carried out in Sweden and Finland 

The clinical team at the Helsinki University Central Hospital and VTT (Technical Research 
Center of Finland) have reported on 18 patients, using BPA as the capture agent (290 mg/kg 
infused over 2-h), with 2 irradiation fields and whole brain average doses in the range of 3 to 
6 Gy(w) ( 140 ). The estimated 1-yr survival was 61%, which was very similar to the BNL data. 
This trial is continuing and the dose of BPA has been escalated to 450 mg/kg and will be 
increased to 500 mg/kg, infused over 2 h (H. Joensuu, personal communication). Because 
BNCT can deliver a significant dose to tumor with a relatively low average brain dose, this 
group also has initiated a clinical trial for patients who have recurrent GBM after having 
received full-dose photon therapy. In this protocol, at least 6 mo must have elapsed from the 
end of photon therapy to the time of BNCT and the peak brain dose should be less than 8 Gy(w) 
and the whole brain average dose less than 6 Gy ( w) . As of June 2005 , 30 patients with primary 
GBM had been treated under protocol I and 1 0 patients with recurrent GBM have been treated 
under protocol II. In addition, approx 1 2 patients with head and neck cancer also had also been 
treated. 

Investigators in Sweden have carried out a phase 2 BPA-based trial using an epithermal 
neutron beam at the Studs vik Medical AB reactor ( 146 ). This study differed significantly from 
all previous clinical trials in that the total amount of BPA administered was increased to 900 
mg/kg, infused iv over 6 h. This approach was based on the following preclinical data: (1) the 
in vitro observation that several hours were required to fully load cells with BPA ( 182 )\ (2) 
long-term iv infusions of BPA in rats increased the absolute tumor boron concentrations in the 
9L gliosarcoma model, although the T:B1 ratio remained constant ( 183 , 184 ), and (3) most 
importantly, long-term iv infusions of BPA appeared to improve the uptake of boron in infil- 
trating tumor cells at some distance from the main tumor mass in rats bearing intracerebral 9L 
gliosarcomas ( 185 , 186 ). The longer infusion time of BPA was well tolerated ( 187 , 188 ) by the 
30 patients who were enrolled in this study. All patients were treated with 2 fields, and the 
average weighted whole brain dose was 3.2 to 6. 1 Gy(w), which was lower than the higher end 
of the doses used in the Brookhaven trial, and the minimum dose to the tumor ranged from 15.4 
to 54.3 Gy(w). At 10 mo following BNCT, 23 of 29 evaluable patients had died with a median 
time to progression following BNCT of 5.8 mo and a MST of 14.2 mo. These results are 
comparable but not better than those obtained with external beam radiation therapy. Further- 
more, they emphasize the need to improve the delivery of BPA, as well as BSH. As part of a 
broader plan to restructure the company, a decision was made by Studsvik AB in June 2005 
to terminate operation of both the R2-0 reactor, which was used for this clinical trial, and the 
R2 reactor as part of a broader plan to restructure the company. 
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Fig. 4. Fluorine- 18 boronophenylalanine images. Contrast-enhanced Tl-weighted MRI of representa- 
tive GBM patient and 18 F-labeled BPA-PET image, almost the same axial level. Patients received 18 F- 
BPA-PET to assess the distribution of BPA and to estimate boron concentrations in tumors before 
BNCT and without direct sampling of tumor tissue. The L/N ratio of the core of the tumor was 7.8. Note 
even the peripheral of the main mass (i.e., the infiltrative portion of the tumor) showed BPA uptake. 
The L/N ratio of BPA uptake can be estimated from this study and dose planning was done according 
to this L/N ratio. If the L/N ratio was more than 2.5 then BNCT was initiated. 18 F-BPA-PET readily gave 
us an accurate BPA accumulation and distribution as previously reported ( 180 - 1 82 ). 


Critical Issues 

There are a number of critical issues that must be addressed if BNCT is to become a useful 
modality for the treatment of brain tumors. First and foremost, there is a need for more 
selective and effective boron agents, which when used either alone or in combination, could 
deliver the requisite amounts (~20 ug/g) of boron to the tumor. The superiority of the com- 
bination of BPA and BSH over either alone has been demonstrated in experimental animal 
studies (31,192 ), this combination was recently used clinically by Miyatake and his co- work- 
ers in Japan (32,193). Because a number of studies have shown that there is considerable 
patient-to-patient, as well intratumoral variability in the uptake of both BSH (189) and BPA 
(173), their delivery must be optimized in order to improve both tumor uptake and cellular 
microdistribution, especially to different subpopulations of tumor cells. At this point in time 
the dose and delivery of these drugs have yet to be optimized, but based on experimental 
animal data (30,31,33, 132-135 ), improvement in dosing and delivery could have a significant 
impact on increasing tumor uptake and microdistribution. 

Second, because the radiation dosimetry for BNCT is based on the microdistribution of l0 B 
(192), which is indeterminable on a real time basis, methods are needed to provide semi- 
quantatative estimates of the boron content in the residual tumor. Imahori and his co-workers 
( 193-195 ) in Japan and Kabalka (196) in the United States have carried out imaging studies 
with 18 F-labeled BPA. An example of such a patient treated by Miyatake, et al. (32) is shown 
in Fig. 4. 18 F-PET imaging also has been used as a prognostic indicator for patients with 
GBM who may or may not have received BNCT (194,195). In the former group, it has been 
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used to establish the feasibility of carrying out BNCT, based on the uptake and distribution 
of 18 F-BPA within the tumor, and in the latter, to monitor the response to therapy. The pos- 
sibility of using MRI for either 1(, B or "B has been under investigation (197), and this may 
prove to be useful for real time localization of boron in residual tumor prior to BNCT. Mag- 
netic resonance spectroscopy (MRS) and magnetic resonance spectroscopic imaging (MRSI) 
also may be useful for monitoring the response to therapy (198). Kojimoto and Miyatake et 
al. recently have used MRS to analyze the target specificity of BPA and the effects of BNCT 
in a group of 6 patients using multivoxel proton MRS (199). There was a reduction in the 
choline/creatine ratio without a reduction of the N-acetlylaspartate/creatine ratio at 14 d 
following BNCT, strongly suggesting that there was selective destruction of tumor cells and 
a sparing of normal neurons ( 199). Noninvasive procedures such as MRSI may be a powerful 
way to follow the clinical response to BCNT in addition to MRI. However, in the absence of 
real time tumor boron uptake data, the dosimetry for BNCT is very problematic. This is 
evident from the discordance of estimated doses of radiation delivered to the tumor and the 
therapeutic responses, which would have been greater than that which was seen if the tumor 
dose estimates were correct (152). 

Third, there is a discrepancy between the theory behind BNCT, which is based on a very 
sophisticated concept of selective cellular and molecular targeting of high-LET radiation, and 
the implementation of clinical protocols, which are based on very simple approaches to drug 
administration, dosimetry, and patient irradiation. This in part results from the fact that BNCT 
has not been carried out in advanced medical settings with a highly multidisciplinary clinical 
team in attendance. At this time BNCT has been totally dependent upon nuclear reactors as 
neutron sources. These are a medically unfriendly environment and are located at sites at 
varying distances from tertiary care medical facilities, which has made it difficult to attract 
patients, and the highly specialized medical team that ideally should be involved in clinical 
BNCT. Therefore, there is an urgent need for either very compact medical reactors, such as 
one that is being constructed in Beijing, China or ABNS that could be easily sited at selected 
centers that treat large numbers of patients with brain tumors. 

Fourth, there is a need for randomized clinical trials. This is especially important because 
almost all major advances in clinical cancer therapy have come from these, and up until this 
time no randomized trials of BNCT have been conducted. The pitfalls of nonrandomized 
clinical trials for the treatment of brain tumors have been well documented (200,201 ). It may 
be somewhat wishful thinking to believe that the clinical results with BNCT will be so 
clearcut that a clear determination of efficacy could be made without such trials. These will 
require a reasonably large number of patients in order to provide unequivocal evidence of 
efficacy with survival times significantly better than those obtainable with promising cur- 
rently available therapy for both GBMs (202,203) and metastatic brain tumors (204). The 
best hope for randomized trials are those that are in the planning stage at the Beijing Neu- 
rosurgical Institute/Tiantan Hospital (BNI) in China, The BNI is the largest neurosurgical 
center in the world and sees in excess of 300 new patients with HGG per year. This phase II 
trial initially will compare surgery followed by either BNCT, using BPA as the delivery 
agent, plus temozolomide or external beam X-irradiation plus temozolomide. This approach 
is based on recent reports from Stupp et al. showing a significant improvement (3.5 mo) in 
overall median survival compared with patients that had surgery followed by radiation therapy 
alone (202,203). In the United States and Europe, such trials might best be accomplished 
through cooperative groups such as the Radiation Therapy Oncology Group (RTOG) or the 
European Organization for Research Treatment of Cancer (EORTC). Such trials will require 
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a reasonably large number of patients in order to provide unequivocal evidence of efficacy 
with survival times significantly better than those obtainable with promising currently avail- 
able therapy for both GBM and metastatic brain tumors. 

Finally , there are several promising leads that could be pursued. The upfront combination 
of BNCT with external beam photon radiation has not been explored, although recently pub- 
lished experimental data suggest that there may be a significant gain if BNCT is combined with 
photon irradiation (33). The extension of animal studies showing enhanced survival of brain 
tumor bearing rats following the use of BSH and BPA in combination administered intra- 
arterially with or without BBB-D has not been evaluated clinically. This is a promising approach 
that would require the skills and expertise of interventional neuroradiologists. 

As is evident from this review, BNCT represents an extraordinary joining together of 
nuclear technology, chemistry , biology , and medicine to treat HGG. Sadly, the lack of progress 
in developing more effective treatments for GBM has been part of the driving force that 
continues to propel research in this field. BNCT may be best suited as an adjunctive treatment, 
used in combination with other modalities, including surgery, chemotherapy, and external 
beam radiation therapy, which, when used together, may result in an improvement in survival 
of patients with both primary and metastatic brain tumors. Clinical studies have demonstrated 
the safety of BNCT. The challenge facing clinicians and researchers in the field of BNCT is 
how to move beyond the current impasse. This final section has provided a road map to move 
forward, but its implementation is a challenge, that, if successful, could significantly improve 
treatment of brain tumors (205). 
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Photodynamic Therapy 


Bhadrakant Kavar and Andrew H. Kaye 


Summary 

Cerebral gliomas are inherently invasive tumors, and the vast majority of tumors recur locally 
despite optimal conventional therapies. Photodynamic therapy has been used as an adjuvant therapy 
to help control the tumor locally. Photodynamic therapy is a binary treatment involving the selective 
uptake of a sensitizer by the cancer cell followed by irradiation of the tumor to activate the retained 
photosensitizer, thereby causing selective tumor destruction. Laboratory investigations have con- 
firmed the selective uptake of sensitizers as well as determining the optimal therapeutic index dose of 
sensitizer and irradiated light. Clinical studies have shown that when photodynamic therapy is used as 
an adjuvant it may have significant benefit in not only controlling local disease but also prolonging 
tumor-free survival. 

Key Words: Glioma; glioblastoma multiforme; photodynamic therapy; laser therapy; local 
glioma therapy; adjuvant glioma therapy. 


INTRODUCTION 

The biological hallmark of cerebral glioma is their extensive invasion through the brain. 
The tumors inevitably recur, as conventional treatments are unable to destroy the invading 
tumor cells with most tumors recurring within or adjacent to the original tumor bed ( 1 , 2 ). 

Photodynamic therapy (PDT) is a form of localized adjuvant treatment. It involves a selec- 
tive uptake of a sensitiser by the cancer cell, followed by irradiation of the tumor to activate 
the retained sensitizer causing selective tumor destruction. Laboratory studies have demon- 
strated the selective uptake and retention of porphyrin photosensitizers such as hematopor- 
phyrin derivative (HpD) by cerebral glioma. The initial clinical studies of PDT were 
disappointing (Table 1 ), but these studies often utilized treatment regimes involving end-stage 
gliomas and doses of light irradiation that were 100-fold lower than those used in systemic 
tumors. 

Animal studies have demonstrated both tumor selectivity of porphyrin sensitizers such as 
HpD and selective destruction of tumors. We have reported the results of adjuvant PDT in the 
treatment of high-grade gliomas (HGG) using HpD photosensitizers ( 3 , 4 ). There are numer- 
ous variables in the administration of photodynamic therapy, including the type of composi- 
tion of sensitizer use, the dose of photosensitizer administered, the relative uptake of the 
sensitizer into the tumor, and the symmetry of the light used to activate the sensitizer. In this 
chapter we will briefly discuss the relative laboratory and clinical studies as a background for 
the use of PDT to treat cerebral glioma. 
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Table 1 

Various Series Reporting Photodynamic Therapy of Cerebral Tumors 


Study 

No. of 
patients 

Power 

(watts) 

Total dose to 
tumor (J) 

Dose per unit 
surface area (J/cm 2 ) 

Perria et al. (5) 

9 

0.025 

a 

0.9-9 

Perria et al. (76) 

8 

0.06-0.4 

720-2400 

a 

McCulloch et al. (74) 

16 

0.280-0.460 

1620-2520 

a 

Laws et al. (75) 

5 

0.250-0.400 

540-1440 

a 

Wharen et al. (77) 

3 

a 

a 

180 * 

Muller & Wilson (73) 

50 

0.175-1.00 

439-3888 

8-175 

Kostron et al. (78) 

20 

a 

a 

25-200 

Powers et al. (30) 

7 

a 

658-2028 

400 J/cm c 

Laws et al. (67,75) 

23 

<0.200 

500-1000 d 

150-200 c 
24-180 f 

Laws et al.* (79) 

31 

<0.200 

500-1000 '' 

150-200 c 
24-180* 

Origitano & Reichman (29) 

15 

1. 0-4.0* 

1400-14300' 

50' 

Kaye et al. (3,15,16) 

116 

0.75-5.0 

3360-12613 

72-260 


" Information not available. 

'’Derived from 100 mW/cm 2 for 30 min delivered by xenon arc lamp. 
‘ Refers to J/cm of length of interstitial stereotactic fibers. 
‘'Insterstitial stereotactic therapy. 

‘To supratentorial resection cavities. 

*To infratentorial resection cavities. 

* Includes patients from Laws et al. 

* 1 W/cm for interstitial stereotactic fibers. 

1 100 J/cm of fiber for interstitial stereotactic delivery. 

'Based on reported 2.5 cm depth of implantation of interstitial fibers. 


HISTORY 

Photodynamic therapy (PDT) research has been aimed at finding the combination of ideal 
wavelength of light that will penetrate tissue to activate a photosensitizer that is selectively 
localized into the tumor. PDT was first introduced into clinical neurology by Perria et al. in 
1980 with a series of nine patients with cerebral glioma who were treated with hematoporphy- 
rin derivative and a helium neon laser ( 5 ). A brief historic account of PDT is summarized in 
Table 2 and a colorful yet detailed history of PDT has been reported by Daniell and Hill ( 6 ). 

LABORATORY MODELS OF CEREBRAL GLIOMA 

PDT has been used to kill glioma cells in vitro and in vivo. The in vitro models have 
included monolayer cell cultures, single-cell suspensions, and multicellular spheroids ( 7 - 9 ). 
N umerous animal models have been used to study PDT on cerebral glioma, however no animal 
model completely represents the human situation. Our laboratory has used the C6 glioma cell 
line implanted intracerebrally into rats or mice ( 8 , 10 ). 

GLIOMAS AND THE BLOOD-BRAIN BARRIER 

The uptake of a photosensitizer into glioma is at least partially dependent on the disruption 
of the barrier between blood and the tumor, but there are also other active processes that are, 
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1841 

1900 

1903 

1904 
1913 

1924 

1942 

1957 

1966 

1972 

1978 

1980 

1986 

1993 

2001 


Table 2 

The History of Photodynamic Therapy 


Scherer 

Raab 

Jesionek & von Tappeiner 
von Tappeiner & Jodlbauer 
Meyer-Betz 

Policard 

Aider & Banzer 

Wise & Taxdal 

Lipson 

Diamond 

Dougherty 

Perria 

Kay 


Hematoporphyrin extracted from blood. 

Light essential for antimalarial activity of acridine dye. 

Eosin and light used to treat human skin cancer. 

Oxygen necessary for photosensitization. 

Self injection of hematoporphyrin causes prolonged skin 
photosensitization. 

Florescence of animal tumors due to endogenous porphyrin 
accumulation. 

Necrosis of animal tumors using hematoporphyrin and quartz 
lamp. 

Exogenous hematoporphyrin concentrated in human brain tumors. 
First use of photodynamic therapy in human breast cancer. 

First use of photodynamic therapy in experimental glioma. 

First human trial of photodynamic therapy for systemic tumors. 
First human trial of photodynamic therapy for glioma. 
Introduction of gold metal vapour laser. 

Use of KTP dye module. 

Introduction of solid state laser. 


as yet, not fully understood. The selective uptake of the photosensitizer into the tumor and not 
the normal brain depends on an intact blood-brain barrier (BBB). Gliomas of increasing grade 
are associated with increasing disruption of the BBB and destruction of the normal brain 
parenchyma. 

High-grade cerebral glioma consists of a number of different regions, ranging from a 
necrotic centre to a peripheral vascular rim of proliferating tumor cells with high mitotic 
activity and more peripheral cells invading into the adjacent brain. The BBB is most disrupted 
in the peripheral rim and the oedematous brain-adjacent-to-tumor (BAT) region. It is progres- 
sively less disrupted in the less oedematous and more peripheral areas of the tumor cell 
invasion. The selective uptake of the photosensitizer depends upon both the disruption of the 
brain-tumor barrier (BTB) as well as the relative preservation of the BBB. 

PHOTOSENSITIZERS 

Photosensitizers are molecules that absorb and re-emit light of a specific wavelength that 
is unique to the individual compound. Porphyrins are naturally occurring photosensitizers 
whose chemical structure is based on the tetrapyrrole ring (Fig. 1 ). The best-known examples 
of porphyrin are the iron-containing molecule protoporphyrin, which binds oxygen in hemo- 
globin; the series of cytochromes in the mitochondrial respiratory chain of enzymes; and the 
plant pigment chlorophyll. 

The photosensitizers most studied clinically in cerebral glioma are the first-generation 
agents — hematoporphyrin derivative and Photofrin® (a derivative of hematoporphyrin). 
Numerous other sensitizers have been investigated in laboratory studies ( 11 ). Hematoporphy- 
rin is a complex mixture of porphyrins, the composition of which can vary depending on the 
method of synthesis and storage ( 12 ). The term hematoporphyrin derivative is confusing as 
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Fig. 1 . A 20 sided tetrapyrrole ring that forms the basic structure of porphyrins 


the compound is not a single “derivative,” blit rather a series of structurally related porphyrins 
( 13 ). Photofrin is as complex a mixture as hematoporphyrin derivative but is enriched in the 
tumor-localizing fraction. The names Photofrin II (Quadralogics, Vancouver, British Colum- 
bia, Canada), dihematoporphyrin ether (DHE), and porfimer sodium (Lederle, Pearl River, New 
York) are synonymous, but Photofrin is now the accepted term. It is highly likely that no single 
component of hematoporphyrin derivative is active by itself, b ut a series of related compounds 
may all be active or may act in synergy to induce a photochemical effect. A description of the 
chemistry of hematoporphyrin derivative and Photofrin is given by Kessell ( 14 ), and outlined 
in Fig. 2. 

The existence of multiple active compounds in hematoporphyrin derivative and Photofrin 
has greatly complicated scientific research because of the difficulty in identifying specific 
molecules with respect to their activity and site of action. The other major disadvantage of 
hematoporphyrin derivative and other porphyrins is that an activating wavelength of 628 nm 
must be used to achieve adequate tissue penetration. However, a wavelength of 628 nm is not 
ideal to achieve optimal absorbance by a sensitizer; 400 nm is better, but this wavelength 
penetrates tissue very poorly (Fig. 3). A sensitizer with an absorbance maximum in the 650- 
to 800-nm region would be desirable because light of these wavelengths penetrates tissue 
better than does light of 628-nm wavelength. 

An ideal photosensitizer for PDT of cerebral tumors should have the following character- 
istics: systemically non-toxic, single compound, has maximal tumor-brain selectivity, is able 
to cross an intact BBB to reach infiltrating cells but does not enter normal brain cells, is able 
to undergo peak activation by light of a wavelength capable of maximal tissue penetration 
(650- to 800- nm), is able to accomplish maximal cytotoxic injury to tumor cells and minimal 
“bystander” injury, and is rapidly excreted from systemic tissue to diminish photosensitivity. 

Numerous second-generation photosensitizers exist, and although all possess desirable 
photochemical and spectroscopic properties, not enough studies have been performed for 
them to displace hematoporphyrin derivative and Photofrin from clinical use (Table 3) 
( 7 , 15 - 23 ). 

Two-second generation photosensitizers are of particular interest. Foscan (Biolitec Pharma 
Ftd, Edinburgh, UK) consists of only one type of molecule, temoporfin, and its pharmacology 
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^ HpD (stage I) r 




Fig. 2. A brief schematic presentation of the synthesis of first generation photosensitizer: hematopor- 
phyrin derivative (HpD) and Photofrin. 


is better understood than Photofrin’ s. It is injected systemically and can cause severe photo- 
sensitivity, but it clears in 2 to 3 wk. Foscan however, is activated at 652 nm and is said to 
accumulate more selectively in tumor and absorbs light more efficiently ( 24 ) . The second 
photosensitizer, Metvix (Photocure), has met with success in Europe for skin lesions. Metvix’ s 
active ingredient is methyl aminolevulinate, a derivative of aminolevulinic acid. To-date 
Metvix has not been used for human intracranial tumors. Bourre et al. reported the synthesis 
of a new diphenylchlorin photosensitizer, 2,3-dihydro-5,15-di(3,5-digydroxyphenyl) por- 
phyrin (SIM01). The photodynamic properties, cell uptake, and localization of SIM01 were 
compared with those of structurally related meso-tetra(hydroxyphenyl)chlorin (m-THPC). 
Their study suggested that SIM01 would be a more powerful sensitizer than m-THPC ( 25 ). 
There are no human trials yet to determine its efficacy. 
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Fig. 3. Schematic relationships of absorption spectra of photosensitizers to visible light spectrum and 
laser wavelength. Relative light transmission through brain parenchyma is indicated by the gray line. 
Potassium-titanium-phosphate (KTP) laser produces light at 532 or 1064 nm: light can be transduced 
from 532 to 628 nm by a dye module. Reprinter with permission from ref. 97 . 


TUMOR SELECTIVITY FOR PHOTOSENSITIZERS 

Tumor selectivity for hematoporphyrin derivative has been demonstrated in various human 
tumors, and a good correlation has been noted between fluorescence and biopsy-proven can- 
cer (Fig. 3) ( 26 ). Florescence microscopy is the most direct method used to determine intra- 
cellular localization of photosensitizer, and it has been revolutionized by confocal laser 
scanning microscopy ( 17 , 27 ). Microscopy and subcellular fractionation studies have gener- 
ally shown exclusion of the sensitizer from the nucleus with concentration in lysosomes, 
mitochondria, microsomes and cytoplasm (Fig. 4). 

A study of biopsy material from patients undergoing PDT for cerebral glioma in a phase 
I-II trial at the Royal Melbourne Flospital showed that hematoporphyrin derivative was selec- 
tively localized into all glioma grades, with a correlation between the grade of the glioma and 
the hematoporphyrin derivative level in the tumor (Fig. 4) ( 28 ). 



Table 3 


Characteristics of the First- and Second-Generation Photsensitizers Used in Photodynamic Therapy of Brain Tumors 





Pure 

Clinical 

Laboratory 

Glioma:brain 

Reactions 


Photosensitizer 

Generation 

Porphyrin 

Compound 

studies 

studies 

uptake ratio 

and benefits 

Refs. 

Heamtoporphyrin derivative 

1st 

+ 

- 

+ 

+ 

30:1 



Photofrin 

1st 

+ 

- 

+ 

+ 

? 



Porphyrin C 

2nd 

+ 

+ 

- 

+ 

1000:1 

Low skin photosensitivity 

15,16 

Boronated protoporphyrin 

2nd 

+ 

+ 

+ a 

+ 

400:1 

Potential for combined use of 

17 

(BOPP) 







BNCT+ with photodynamic 
therapy 


Purpurins 

2nd 

- 

+ 

- 

+ 


Better absorption spectra than 

16 








1 st-generation agents 


Phthalocyanines 

2nd 

- 

+ 

- 

+ 



7 

Aluminum 

Chloraluminum 









Rhodamine 123 

2nd 

- 

+ 

- 

+ 

Potentially 

A lipophilic cationic dye that 

18 







very high 

localizes to mitochondria: major 
disadvantage is blue-green 
peak absorption (490-515 nm) 


Merocyanine 540 

2nd 

- 

+ 

- 

+ 


Phase I trials done in hematologic 

19 








malignancies 


Pheophorbide 

2nd 

- 

+ 

- 

+ 


Minimal skin photosensitization 

20 

mTHPP 

2nd 

- 

+ 

- 

+ 


More efficacious at 100% 0 2 

21 

TPP 

2nd 

- 

+ 

- 

+ 


A lipophilic cationic dye 

22 

Chlorins 

2nd 

- 

+ 

- 

- 


Desirable photochemical and 

23 








spectroscopic properties as noted 
in Fig. 3‘ 


Bacteriochlorins 

2nd 

- 

+ 

- 

- 



23 

Porphycenes 

2nd 

- 

+ 

- 

- 



23 

Verdins 

2nd 

- 

+ 

- 

- 



23 

Hypericin 

2nd 

- 

+ 

- 

+ 





“ Studied with boron neutron capture therapy (BNCT), but not photodynamic therapy. 
‘Figure 3 reflects the relationship between absorption of sensitizer and wavelength. 
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Fig. 4. Graph of hematoporphyrin derivative (HpD) concentration in human tissue samples of various 
grades of astrocytoma. A, diffuse (WHO grade II) astrocytoma; AA, anaplastic (WHO grade III) astro- 
cytoma; GBM, glioblastoma multiforme; GBMr, recurrent glioblastoma multiforme. Reprinted with 
permission from ref. 28 . 


The levels were highest in glioblastoma multiforme (GBM) (hematoporphyrin derivative 
tumor to brain ratio 30: 1) and lower in anaplastic astrocytoma (AA) (12:1), and astrocytoma 
(8:1). Origitano and co-workers ( 29 ) have reported a clinical study investigating radioactively 
labeled Photofrin monitored by single photon emission computed tomography (SPECT) and 
also found that the concentration of sensitizer correlates with glioma grade. A separate finding 
in the Royal Melbourne Hospital study was that hematoporphyrin derivative was selectively 
localized into tumor cells in the BAT region, in some cases at higher levels than in the tumor 
bulk ( 28 )\ this has also been confirmed by others ( 30 ). 

At the Royal Melbourne Hospital we performed a phase I ( 31 ) and phase II trial with a novel 
boronated porphyrin (BOPP) ( 32 ). We found it was tolerated well and had high specificity for 
the tumor. Early data appeared favorable, however a phase III trial is required. 

Metronomic photodynamic therapy has been suggested as a new paradigm for PDT ( 33 ). 
The concept is to deliver both the photosensitizer and light continuously at low rates for 
extended periods to increase selective tumor kill through apoptosis. Bisland et al. used rat 
models with 5-aminolevulinic acid (ALA) and prototype light sources and delivery devices 
to prove metronomic photodynamic therapy produces apoptosis in tumor periphery and 
microinvading colonies ( 33 ). 

Sty lli et al. studied the uptake of photosensitizer into the tumor specimens in 104 of the 358 
patients who had PDT at the Royal Melbourne Hospital. They analyzed the tumor uptake of 
HpD (hematoporphyrin derivative) vs the clinical outcome as confirmed by the Victoria 
cancer registry. Fifty-eight patients were diagnosed with GBM with the remaining 46 having 
AA. They found the HpD uptake was significantly higher in GBM as compared with AA. 
Recurrent tumors had a higher uptake than primary tumors for equivalent tumors grades ( 34 ). 
This confirms the significant concentration of the sensitizer in tumor tissue. There was a 
correlation between sensitizer uptake and survival in each of the tumor grades. 
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Sarissky and his group showed that the photocytotoxic effect of hypericin (a second-genera- 
tion photosensitizer) in glioma cells can be potentiated by diazepam. Diazepam is a non- 
selective ligand of peripheral benzodiazepine receptor and is said to have a role in apoptosis 
regulation. This combination may improve the effectiveness of photodynamic therapy ( 35 ). 

An in vitro study by Hirschberg and his group assessed the anti-tumor effect of concurrent 
ALA-mediated PDT and hyperthermia in human and rat glioma spheroids. They found PDT 
and hyperthermia had a synergistic effect and the degree of synergism increased with increas- 
ing temperature and light fluence ( 36 ). 

BLOOD-BRAIN BARRIER 

Impairment of the BBB around a tumor (BTB) almost certainly has a major role in the 
uptake of photosensitizer. Malignant cerebral tumor in various animal models have demon- 
strated selective uptake of hematoporphyrin and hematoporphyrin derivative with exclusion 
of sensitizer from the normal brain and with accumulation in regions known to be outside of 
the BBB, such as the pituitary gland and area postrema ( 28 , 37 , 38 ). 

Photofrin, however, has been reported to cross the BBB in photoirradiated but otherwise 
normal brain to enter astrocytes, neurons, and endothelial cells ( 39 ). These results may be 
encouraging because photosensitizers are likely to be more effective if they can cross normal 
BBB to reach the more peripheral infiltrating tumor cells, provided that the sensitizer retains 
the selectivity for tumor cells. In our C6 glioma model, the photosensitizers hematoporphyrin 
derivative and boronated protoporphyrin (BOPP) were detected within isolated tumor cells 
infiltrating the BAT region ( 28 , 40 ) and confocal microscopy has identified similar uptake of 
hematoporphyrin derivative into these nests of cells in human biopsy specimens (Hill, JS, 
Kaye AH: Unpublished results, 1 986). This is a critical finding because it is the first unequivo- 
cal evidence that the photosensitizer is taken up into the very cells that are thought to be 
responsible for tumor recurrence after surgery ( 2 ). 

Experimental data by Ito and his team have demonstrated an increase in oedema following 
5-aminolaevulinic acid PDT. This, however, was only partly counteracted by steroid therapy 
in the rat model they used. This raises the possibility of steroid resistant oedema as a concern 
to be considered during human treatment. (4 / ) 

SERUM PROTEIN-MEDIATED UPTAKE 

Several investigators have suggested that serum proteins play a vital role in photosensitizer 
transport and cellular uptake. Hematoporphyrin derivative has been shown to bind to serum 
albumin and to lipoproteins (particularly low-density lipoprotein [LDL], which is the major 
serum carrier of cholesterol) ( 42 ). Cholesterol is in increased demand by proliferating cells, 
and it is perhaps teleologically understandable that cancer cells should have elevated numbers 
of LDL receptors compared to those of their normal counterparts ( 43 ). It has been suggested 
that the intracellular localization of sensitizer is mediated at least in part by LDL receptors, 
whereas complexes of hematoporphyrin derivative with albumin or high-density lipoprotein 
enter tumor by nonreceptor-mediated processes to localize in the interstitial stroma ( 44 ). 

EXTRACELLULAR PH 

Extracellular pH is known to be lower in tumors than in normal tissue and correlates with 
a tissue’s nutrient supply and rate of metabolism. Extracellular acidosis causes an increase in 
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the passive diffusion of porphyrins into cells and may contribute to selective photosensitizer 
localization (45). 


MITOCHONDRIA-RELATED FACTORS 

Mitochondria appear to be a major target for phototoxic damage, and their selective target- 
ing by photosensitizers may be mediated by benzodiazepine receptor binding (46). The class 
of lipophilic cationic dyes, of which rhodamine 123 is an example, appears to have selective 
mitochondrial localization related to the internal negative membrane potential of the mito- 
chondria (47). 


LIGHT AND LASERS 
Light 

Light output is measured in watts (joules/s) and recorded at the tip of the delivery fiber. 
Light dose delivered to a surface is measured as energy delivered per unit area of irradiated 
surface (joules/cm 2 ). For implanted fibers, light dose is measured as joules per centimeter of 
length along the delivery fiber. 

The penetration depth of light into tissue is defined as the depth at which the incident 
irradiance is reduced to Me (where e is the Euler number equaling 2.718281828), or 37%. In 
more practical terms, the effective depth of PDT-induced necrosis is approximately three 
times the penetration depth (48). Direct tumor cell phototoxicity is not the sole mechanism for 
necrosis, and PDT-induced vascular ischemic damage certainly plays an additional role 
(16,39). 

Light penetration determines the extent of tissue damage, and both increase as a function of 
the following variables: (1) wavelength, increasing from 350 mm to above 800 mm (Fig. 3); (2) 
light dose, increasing above a threshold to a maximum value that causes damage to normal 
BBB and cellular elements, with or without preadminstered photosensitizer ( 8,49-51 ); and (3) 
cellularity of tissue, increasing with the grade of tumor, up to twofold the penetration depth 
of normal brain (52). 

If a tumor contains sufficient sensitizer to mediate a photochemical reaction, the depth of 
tumor necrosis should largely be related to the penetration of light. However, some sensitizers 
are more effective than others in producing a photochemical reaction; increased doses of 
photosensitizer may not result in greater depth of necrosis, but they could increase the degree 
of cerebral edema (8). The optimal wavelength for photoactivation of hematoporphyrin 
derivative and Photofrin is red light at 628 mm, but the penetration depth is approx 1.5 mm 
for normal brain and 2.9 mm for tumor (53). The therapeutic depth of activity of 638-mm light 
is therefore only about 9 mm, 3 times the penetration depth in tumor, which is a major 
limitation of PDT in its current form (54). Our own laboratory studies have shown a selective 
tumor destruction of up to 1 cm with hematoporphyrin derivative and red light in the rat model 
(8). As assessed on computed tomography (CT) and magnetic resonance imaging (MRI) 
scans, the crude estimated depth of therapeutic effect of PDT has been up to 18 mm (30). 

Heating of cerebral tissue by microwave light could potentially occur with PDT, but this 
can be avoided by irrigation with normal saline at body temperature (8). It has been suggested 
that hyperthermia is a significant component of PDT’ s efficacy (55), but tumor destruction has 
clearly been shown to occur without significant heating of tissue (8). Our laboratory has 
endeavored to study the pure effects of PDT, but in the future it is possible that hyperthermia 
could be used advantageously to produce a synergistic effect. 
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Fig. 5. The neodymium-yttrium-aluminum-garnet (YAG) potassium-titanium-phosphate (KTP) laser 
(background). The dye module (foreground) transduces KTP light into red 628 nm light, which is 
delivered through an optical diffusion fiber. 


Lasers 

Lasers produce high doses of light of a single known wavelength and are the most efficient 
method of light delivery. The power output can be accurately measured and the light can be 
delivered by a fiber optic cable to a tumor, either stereotactically or under direct vision ( 3 , 30 , 
56 ). The laser systems used have included the helium neon, argon-ion pumped dye, and gold 
metal vapor lasers ( 3 , 57 , 58 ). The argon pumped dye laser produces continuous light but is 
relatively immobile and has an ineffective coupling mechanism, which results in a significant 
loss of light during delivery. The gold metal vapor laser is easier to transport, produces a much 
higher intensity light at 627.8 mm and has the theoretical advantage of producing a pulsed 
rather than a continuous beam. Pulsed light may improve sensitizer activation and increase the 
depth of penetration, but its benefit compared with continuous laser light has not yet been 
proved experimentally. We have used a frequency-doubled Nd-YAG-KTP (neodymium- 
yttrium-aluminum-garnet-potassium-titanium-phosphate) laser to pump a tunable dye laser 
(Fig. 5). The KTP laser has the advantage of delivering high doses of light, the wavelength can 
be varied for use with different photosensitizers in the laboratory, it requires minimal main- 
tenance, and it is easily moved from the laboratory to the operating room. 
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Fig. 6. The new smaller, lighter and portable Ceralas PDT 630 Diode Laser (CeramOptec GmbH, 
Germany) 


Schmidt et al. evaluated the toxicity of PDT (using Photofrin) and a new light delivery 
devise based on light-emitting diode (LED) technology and tunable dye laser. Though they 
only treated 20 patients, all had tumor responses with mean time to tumor progression after 
PDT at 67 wk with minimal toxicity ( 59 ). 

Madsen et al. ( 60 ) sensitized human glioma spheroids with 5 -aminolevulinic acid and 
subjected them to multiple treatments of sub-threshold light fluences. In all cases, suppression 
of tumor growth was observed for the duration of treatment and it was found that low fluence 
rates (<5 mW/cm 2 ) to be more effective than high fluence rates (25 mW/cm 2 ) 

There has been significant improvement in diode lasers making them smaller, lighter and 
cheaper. This provides a more stable light source for PDT. Recently, we have started using the 
Ceralas PDT 630 Diode Laser (Fig. 6) with a wavelength of 630 nm ± 5 nm, and a maximum 
optical output of 4 W (manufactured by CeramOptec GmbH, Germany); with a weight of 
20 kg and dimensions of 190 mm x430 mm x 380 mm, it is a far more mobile laser than the 
previous machines. The light is delivered via a flat cut 600 micron quartz fiber with SMA 905 
connection. It is important that the laser has an efficient fiber delivery system that is robust, 
reliable, and accurate. 

PHYSIOCHEMICAL BASIS OF PHOTODYNAMIC THERAPY 

The photophysical and photochemical properties of photosensitizers vary markedly, but 
the processes leading to a photosensitizing effect are similar for all of these compounds. 
Following the absorption of activating light of an appropriate wavelength, the sensitizer is 
converted from ground state to an excited singlet state, in which no unpaired electrons are 
present (Fig. 1 )( 61 ). The sensitizer may de-excite and lose its energy by a variety of competing 
pathways. From the singlet state the sensitizer can decay back to ground state and emit energy 
in the form of fluorescence, or it may decay down to an intermediate state from which level 
the sensitizer can transfer to the metastable triplet state, in which two unpaired electrons are 
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Fig. 7. Schematic presentation of photosensitizer activation by light. Energy level diagram {left) shows 
activation of the photosensitizer’s electron shell from ground state and the various possible pathways 
of decay. A photosensitizer in its metastable triplet state {right) may undergo release of energy as 
phosphorescence or it may become involved is a type I or type II (molecular singlet oxygen formation) 
reaction. 


present. From the metastable triplet state the sensitizer can either decay back to ground state, 
with the emission of energy in the form of long-lived phosphorescence, or it can participate 
in a series of photochemical reactions, which are designated as type I or II ( 11 ). In a type I 
reaction, the sensitizer in its metastable triplet state reacts directly with a cellular substrate to 
yield a radical ion pair. In a type II reaction, the sensitizer reacts directly with oxygen to 
produce the highly reactive molecular singlet oxygen ('0 2 ), and this reaction is thought to be 
the major mechanism of damage to biomolecules and cells following PDT. The type I and II 
reactions are competitive, with increases in oxygen concentration pushing the equilibrium in 
favor of the type II reaction; but both cause oxidation of target molecules and have an absolute 
requirement for oxygen. 

PATHOLOGIC EFFECTS OF PHOTODYNAMIC THERAPY 

Damage to sensitized tumor and brain parenchyma by PDT is observed experimentally and 
clinically within 48 h of photoirradiation ( 30 , 49 , 50 , 56 ). The controversy surrounding the 
precise site of action of PDT has yet to be resolved. This confusion results partly from PDT’ s 
powerful ability to induce numerous cellular changes and the fact that hematoporphyrin 
derivative’s heterogeneous nature results in variable localization and subsequent phototoxic 
damage due to its accumulation in numerous intracellular and extracellular sites. 

Cytotoxic Damage 

Experimental models of photosensitized but otherwise normal rat brain have revealed 
lethal injury to astrocytes, and later to neurons, occurring within 24 to 48 h of photoirradiation 
when high doses of sensitizer and light are used ( 49 , 50 ). CT and MRI studies in patients treated 
with PDT have likewise shown the development of radiologic changes in a similar time frame 
( 30 , 56 ). 
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Vascular Injury 

Histologic evidence of ischemic necrosis by PDT has been reported consistently in experi- 
mental and clinical studies (39,50,57). Vascular injury may be a significant component of 
PDT and appears to explain tissue damage beyond the theoretical reach of phototoxic injury 
per se. Experimental studies have demonstrated evidence of vascular damage as early as 15 
min after PDT (62). 

PHOTODYNAMIC THERAPY IN CLINICAL NEUROSURGERY 

The use of PDT to treat gliomas in clinical practice involves consideration of a number of 
practical and technical problems; this has resulted in a wide variation of treatment techniques 
used in different series. These include the choice of sensitizer to be used, the dose and timing 
of its administration, the type of light irradiation system, and the dose of light and mechanism 
by which it is to be delivered to the tumor. The delivery of PDT must be balanced not only to 
optimize therapy but also to minimize possible complications, such as cerebral edema. The 
clinical experience with PDT at the Royal Melbourne Hospital has evolved since 1985 
(3,16,57,63). Our current practice is described below and is discussed with reference to other 
management regimens. 


Preoperative Management 

Patients are given routine preparation for surgery, which includes administration of dex- 
amethasone, 16 mg/d. Hematoporphyrin derivative is administered intravenously 24 h preop- 
eratively (3,57), as our laboratory data have indicated this to be the optimal time (38). The 
principles of hematoporphyrin derivative administration are that it should be well diluted (5 mg/ 
kg in 200 mL of normal saline), protected from light, and given slowly over 30 to 60 min through 
a well-running intravenous cannula. Skin contamination and subcutaneous extravasation must 
be avoided, because local photosensitivity would persist for months; consequently, hemato- 
porphyrin derivative should never be given in a dorsal hand vein. Patients are considered to 
be immediately photosensitive and must avoid direct or indirect sunlight for 3 to 4 wk followed 
by gradual desensitization, but no restriction is placed on exposure to normal indoor lighting. 

Other groups have reported the use of hematoporphyrin derivative in doses from 2.5 to 5.0 
mg/kg. Photofrin is usually administered at 2.0 to 2.5 mg/kg. A recent SPECT study of labeled 
Photofrin has reported that photosensitizer uptake into tumor varies between patients and that 
the timing of PDT may need to be tailored (29). 

INTRAOPERATIVE MANAGEMENT 
Surgery 

The patient is positioned as for a routine craniotomy, but additional attention is paid to the 
orientation of the anticipated resection cavity so that it may maximally retain the solution used 
for light dispersion. The tumor is approached and resected as for any craniotomy. A maximal 
tumor excision has been performed in all patients, usually with the aid of the CUS A (Cavitron 
Ultrasonic Surgical Aspirator, Cooper Laboratories, Stanford, Calif) (3,57). It has been sug- 
gested that entry into the ventricular system should be avoided, but no theoretical grounds 
have been established for this practice, and our experience with ventricular entry has not 
proved to be a problem. After hemostasis is achieved, the resection bed is left in a raw state, 
without any haemostatic agents in situ that could potentially retard light delivery to tissue. 
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The surface area to be irradiated is measured, the laser power output at the optical diffusion 
fiber tip is calibrated and light from the fiber is directed onto the resection bed by attachment 
to a fixed retractor arm. The aim is to deliver between 220 and 240 J/cm 2 of light to the exposed 
tumor bed. An inspired oxygen concentration of 100% may be of value for the duration of 
photoirradiation ( 21 ), which has been between 12 and 94 min (median 50 min). The fiber is 
moved at regular intervals to cover the tumor bed and to ensure even distribution of the hot- 
spot emanating from the tip. The optical diffusion fiber used usually has a “flat cut” delivery 
end, but more recently we have used cylindrical or spherical ends. Diffuse delivery of light 
to the resection bed is greatly improved if resection results, as is usually the case, in a cavity 
that allows use of Intralipid (Tuta Laboratories, Braeside, Melbourne, Australia), diluted to 
0.5%, as a light dispersion agent ( 58 ). We no longer measure brain temperature routinely, but 
this was monitored in the first 40 cases by a thermal diffusion cerebral blood, flow monitor 
on the irradiated surface (Flowtronics Inc., Phoenix, Ariz) and by a thermocouple at 2-mm 
depth (model RFG-3B Lesion Generator System, Radionics Inc., Burlington, Mass). Our 
experimental studies have shown a temperature rise within brain/tumor parenchyma of 5 to 
7°C within 1 min of irradiation with a laser emitting from 800 to 1200 mW from the fiber tip 
( 8 , 64 ). Brain temperature can easily be kept below 37.5°C by irrigation with Intralipid or with 
physiologic saline solutions at room temperature. 

In all cases, surgical closure has involved complete dural closure and replacement of the 
bone flap. The total time for surgery, including PDT, has varied from 2 to 5.5 h, with a median 
time of 3 h ( 3 ). 


Surgical Issues 

Stereotaxis 

Direct intratumoral injection of photosensitizer has been advocated for the treatment of 
glioma ( 61 ) but this would seem to be inappropriate, as the basis of PDT is its selectivity for 
tumor cells, especially those infiltrating beyond the margins of the proposed resection. The 
sensitizer is most likely to be effective if it can localize into infiltrating cells beyond surgical 
reach, and it is unlikely to do so if injected intratumor ally. However, stereotactic delivery of 
light is particularly suitable for deeper lesions and may be effective when administered to 
gliomas without resection ( 30 ). Computer-assisted stereotaxy can be applied to guide resec- 
tion of lesions at all depths ( 65 ) and has been reported to predict the theoretical volume of gross 
phototoxic damage in PDT using implanted fibers ( 30 , 56 ). Delayed phototoxic injury to 
eloquent neural structures, such as has been reported with the optic apparatus, may be reduced 
with this technology ( 30 ). 

Extent of Decompression 

Cytoreductive issues aside, we believe that a radical decompression minimizes the effects 
of postoperative cerebral edema that are caused by the effects of PDT on residual tumor. It is 
probable that PDT-induced cerebral edema increases in proportion to the amount of residual 
tumor bulk, because more photoirradiated tissue is available to undergo necrosis. Maximal 
tumor resection should therefore diminish the amount of tissue that undergoes phototoxic 
reactions and allow more room into which edematous brain may expand. We therefore do not 
advocate PDT without tumor decompression. The benefits of maximal tumor resection have 
been shown in a controlled animal study ( 66 ) and by Origitano and Reichman ( 56 ), who 
monitored postoperative and intracranial pressure in 15 patients following PDT. Powers and 
colleagues ( 30 ) reported clinically significant cerebral edema in their patients following ste- 
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reotactic administration of light; steroids were not used and tumor mass was not resected. The 
use of PDT in eloquent regions of the central nervous system (CNS) would require greater 
selectivity of the sensitizer-light combination ( 67 ). PDT of posterior fossa tumors would 
require careful dosimetry and has been reported in pediatric patients, including those with 
ependymona ( 68 ). An animal study reported the use of PDT in the treatment of posterior fossa 
tumors ( 69 ). These authors advocated lower light doses than have been used conventionally 
and recommended the use of intratumoral rather than intracavitary photoradiation. Being 
cognizant of the need to modify both surgery and photoradiation in eloquent CNS, we recom- 
mend maximal tumor resection and agree with the approach of Wharen and co-workers ( 68 ), 
who performed gross total resections of posterior fossa neoplasms and obtained “their most 
encouraging results” in this small group of patients. Although not yet described in clinical 
practice, PDT could also potentially be used to treat spinal cord gliomas, but this would require 
exquisite sensitizer-light selectivity ( 67 ). 

Laser-Tumor Interface Techniques 

Apart from Intralipid instillation into resection cavities, various surgical techniques have 
been used to interface light and tumor, including light shone directly onto the resection bed 
( 3 , 57 ) and illumination through an inflatable balloon ( 53 ). The inflatable balloon applicator 
adopts the shape of the resection cavity to produce a uniform distribution of light, but it is not 
particularly suited to irradiation of a tumor bed with a flat surface (e.g., such as occurs after 
a lobectomy). Interstitial laser light has been administered by stereotactic implantation of 
single ( 30 ) or multiple ( 56 ) optical diffusion fibers. 

Light Irradiation Systems 

An argo-rhodamine pumped dye laser (Spectra-Physics, model 164-05, argon laser: Spec- 
tra-Physics, model 375 dye laser; Spectra-Physics, Mountain View, Calif) was used to treat 
our first 1 8 patients. A gold metal vapor laser (Quentron, Adelaide, South Australia, Australia) 
was used to treat most of the remaining patients, but more recently a KTP laser (KTP/532 
Laserscope Surgical Laser Systems, San Jose, Calif) has been used. A 16-W light of 532-nm 
wavelength is delivered from the KTP laser and transduced to 628nm by a dye module, which 
produces light up to 3.2 W at the fiber tip (Dye Module 600 series, Laserscope Surgical 
Systems). A flat-cut quartz fiber (600- urn diameter early in the series, and 1 mm in the 
remainder) has been used as our optical diffusion fiber, but it is unsuitable for stereotactic 
implantation because of excessive heating and local charring at the tip. This major technical 
problem has been overcome by the development of a new fiber, which allows safe use of PDT 
in stereotaxy ( 30 ). 

At present we are using a diode laser that produces a maximum of 4 W of 630 nm light at 
the fiber tip. 


Light Dosimetry 

The accuracy of light dosimetry requires further improvement and standardization so that 
results can be optimally compared between study groups. Output from the laser needs to be 
calibrated prior to every use, because minor fluctuations in power output occur. Determination 
of the exact dose of laser light delivered can be difficult because of inaccuracies in the 
measurement of the surface area, loss of light from the tumor cavity, and lack of uniformity 
of light distribution. 
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Our initial laboratory studies ( 8 ) showed that higher light doses could be tolerated than had 
been used in earlier clinical series (Table 1), and we have therefore used a light output up to 
5 W ( 3 , 63 ). In our initial experience, treatment commenced with 70 J/cm 2 , and the dose has 
been elevated to 260 J/cm 2 without increased toxic effects. We now regularly use from 220 
to 240 J/cm 2 , which is considerably higher than doses reported in other published series. 

Postoperative 

The patient requires standard post craniotomy care with an emphasis on avoiding direct 
sunlight and closely monitoring not any neurologic deficit that may arise from cerebral swell- 
ing. The steroids are to be tapered far more gradually as edema is likely to be a greater problem. 

Radiotherapy 

There were initial concerns present about the possible interaction of postoperative radio- 
therapy with photosensitizer that might remain in the normal brain tissue ( 70 , 71 ). Wharen and 
others ( 72 ) studied the in vitro interaction between X-irradiation and hematoporphyrin deriva- 
tive in a rat glioma model and found potentiation of radiosensitivity only at high intracellular 
hematoporphyrin derivative concentrations and at large X-irradiation fraction sizes. Although 
hematoporphyrin derivative does not cross an intact BBB, it may remain in small vessels for 
some time; consequently, it has been our policy not to commence radiotherapy until 4 wk after 
PDT. In patients treated with conventional radiotherapy, no increase in radiation-related 
complications was observed ( 3 ). Muller and Wilson ( 73 ) also reported no increased toxic 
effects in 17 patients treated with higher doses of postoperative radiotherapy. 

Side Effects 

Cerebral Edema 

Cerebral edema has been reported as a clinical complication of PDT despite perioperative 
steroid administration ( 73 , 74 ), although, in our experience, this can be easily controlled with 
steroid therapy ( 3 , 63 ). Our patients receive 1 6 mg/d of dexamethasone preoperati vely (32 mg 
the first postoperative day and then a slowly tapering dose over 2 wk). It has been suggested 
that more than 12 mg of dexamethasone/d may affect the BTB and may result in diminished 
photosensitizer uptake ( 29 ), but in studies of the rat C6 glioma model we have noted no effect 
of steroids on hematoporphyrin derivative uptake except at very high doses of steroid (Megison 
PD, Hill JS, Kaye AH: Unpublished observations, 1985). Laws and co-workers ( 75 ) suggested 
that the avoidance of tissue heating during PDT prevented post-therapy cerebral edema, but 
this has not been confirmed by others ( 53 , 73 ). 

Skin Photosensitization 

Hematoporphyrin derivative and Photofrin both accumulate in the skin to cause photosen- 
sitization. Our initial instructions to patients are to remain out of direct sunlight for 4 to 6 wk, 
depending on the time of year. Skin testing is then performed to determine if direct sunlight 
can be tolerated, and the patients are instructed to gradually increase their daily exposure to 
the sun. 

The longest period of significant sensitization has lasted 18 wk with a median period of 
7 wk. Various strategies have been suggested to reduce skin photosensitivity from the 
currently available drugs, including administration of lower doses of sensitizer and co-admin- 
istration of carotene-containing substances. It is likely that the second-generation photosen- 
sitizers will produce less skin photosensitization. 
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Imaging Studies 

Radiologic testimony to the efficacy of PDT in malignant glioma has been reported by 
Powers and co-workers ( 30 ). In this series, light was delivered stereotactically without tumor 
resection and produced CT and MRI evidence of tumor destruction at 24 h, evidenced by loss 
of contrast enhancement of the treated volume. New contrast enhancement appeared periph- 
erally, presumably corresponding to phototoxic damage to the BAT region, and has been 
reported to persist for up to 3 mo on MRI ( 56 ). Of note is that when the tumor recurred, it did 
so outside the stereotactically targeted volume of treatment ( 30 , 56 ). 

CLINICAL SERIES 

PDT has been evaluated as a form of adjuvant treatment for malignant cerebral tumors by 
a number of investigators; these series are summarized in Table 1 and include updates of the 
Royal Melbourne Hospital series ( 3 , 5 , 30 , 56 , 63 , 68 , 73 - 79 ). Overall assessment of the reported 
series is difficult because of the wide variation of techniques, extent of resection, doses of 
photosensitizer and light, and types of cerebral tumor. Most of the series have been small, and 
length of follow-up has been short. The majority of tumors have been high-grade or recurrent 
gliomas, but most reports have included small numbers of metastatic tumors, and, more 
recently, our group has been treating patients with low-grade gliomas. The clinical results in 
the initial series were disappointing because recurrent HGG were the predominant tumors 
treated, and the doses of light used were up to 100 times lower than were used in systemic 
tumors ( 5 , 66 , 74 , 75 ). Lower light doses were used because of the lack of availability of pow- 
erful light-producing sources and also because of the fear of side effects of PDT in high doses, 
particularly when combined with X-ray therapy ( 71 ). 

In the Royal Melbourne Hospital series, a total of 358 patients with cerebral glioma have 
been treated with 5 mg/kg of hematoporphyrin derivative and up to 260 J/cm 2 of red light 
at 628 nm. Initially only patients with glioblastoma multiforme were selected for treatment, 
but patients with lower grade tumors have more recently been included following the obser- 
vation that sensitizer was also selectively retained in astrocytoma and AA ( 28 ). Twenty-eight 
patients have had re-treatment with PDT when the tumor recurred. In our most recent analysis 
of patients resident in the State of Victoria and followed up through the Victorian Cancer 
register, the median survival for patients with GBM was 14.3 mo, and 25% of patients survived 
beyond 3 yr. The median survival for patients with recurrent GBM was 14 mo, and 37% 
survived 3 yr. A historically matched control group of 100 patients with GBM at the Royal 
Melbourne Hospital had a median survival of 8 mo, and no patient survived longer than 
3 yr. Median survival with AA is 76.5 mo ( 4 ). One serious complication directly from PDT 
occurred in the Royal Melbourne Hospital study, involving severe cerebral swelling after PDT 
for recurrent GBM resulting in death of the patient. In addition, one patient died from an acute 
myocardial infarction and another suffered hemiplegia after resection of a medial temporal 
lobe GBM. 

Schmidt et al. ( 59 ) used Photofrin as a sensitizer with direct LED exposure or LED with a 
balloon adapter. They found the treatment was tolerated well near the eloquent area and in the 
posterior fossa. 

In the series of Muller and Wilson ( 73 ) of patients with malignant supratentorial tumors, 
median survival time was 6.3 mo for 50 patients with newly diagnosed GBM ( 73 ). This median 
survival was shorter than that of the Royal Melbourne Hospital series, and may have resulted 
from the lower doses of light used (8 to 175 J/cm 2 ; median 27 J/cm 2 at the other centers. Muller 
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and Wilson noted no significant difference in median survival between the group of patients 
who received a total dose greater than 1400 J and those who received less than 1400 J, but the 
higher light dose group did have a greater proportion of 1- and 2-yr survivors. 

In 1 8 patients (12 with GBM, 5 with AA, and 1 with malignant ependymoma) the light dose 
was delivered in 3 groups of 6 patients each: 1500 to 700 J, 3700 to 5500 J, and 4400 to 5900 
J ( 80 ). Krishnamurthy et al. found that increasing the light dose increased the neruologic 
deficit but did not improve survival or time to tumor recurrence ( 80 ). 

Wharen and colleagues ( 68 ) reported a median survival of 1 0 mo for 6 patients with recur- 
rent malignant glioma treated with interstitial PDT. Sixteen other patients with recurrent 
malignant glioma had a mean survival of 1 1 mo after resection and intracavitary PDT, but it 
should be noted that this figure was quoted with respect to 8 patients who died. This group also 
described posterior fossa tumors, including ependymoma, that have been treated with lower 
doses of light than had been used for supratentorial tumors (68,79). No complications were 
noted following gross total resection of tumor, and the therapy was well tolerated. 

The initial results of the larger clinical studies of PDT for the treatment of glioma do show 
a favorable trend, particularly in the percentage of patients with long-term survival. However, 
no phase III clinical trials have yet been undertaken, and it is therefore not possible to draw 
absolute conclusions concerning the efficacy of PDT ( 81 ). 

THERAPY FOR BRAIN TUMORS OTHER THAN GLIOMA 

Little experience is available regarding the role of PDT and non-glioma cerebral tumors. 
Theoretically PDT would be suitable for cerebral metastases as local recurrence can be con- 
trolled with surgery and adjuvant radiotherapy ( 79 ). 

Unresected metastatic malignant melanoma has been reported to be more resistant to 
intratumoral PDT than gliomas ( 30 ) , although we recommend that PDT should be delivered 
after gross tumor resection is possible. 

PDT has been advocated for recurrent meningioma involving posterior sagittal sinus where 
they cannot be resected completely ( 68 ). Stereotactic PDT has been used to manage cystic 
craniopharyngioma over the instillation of radionuclide because light can be effectively at- 
tenuated by the cyst wall ( 68 , 79 ). 

PDT for brain stem gliomas has not been described clinically but could potentially be used. 
This would require exquisite selectivity ( 82 ). 

FUTURE APPLICATIONS 

The clinical application of PDT for the treatment of gliomas is still in its infancy. Improve- 
ments in PDT will depend on obtaining an understanding of tumor biology and of the basic 
sciences (i.e., physics, chemistry), and it is critical that the development of photosensitizers 
and lasers proceed together rather than in isolation. It is probable that laser and sensitizer 
development will focus on wavelengths of less than 900 mm, as the absorption of incident 
energy by water at longer wavelengths becomes significant, with subsequent decreases in 
penetration depth of light (S3). The titanium-dopes sapphire crystal (Tksapphire) and alexandrite 
lasers are solid-state lasers that operate at 700 to 900 nm and 720 to 800 nm, respectively ( 84 ). 

A problem with testing PDT as an adjuvant treatment is that the tumor responses are 
difficult to measure. Because the depth of tumor kill of PDT is probably only 0.5 to 1 .0 cm, 
it could be expected that PDT has little to offer as a sole treatment of large tumors. At surgery, 
most GBM consist of approx 10 11 cells. Resection and radiotherapy can result in three orders 
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of magnitude of cellular reduction, with the remaining tumor burden still being of the order 
of 1 0 s tumor cells. Further adjuvant therapies need to reduce the tumor burden to at least 10 4 
to 10 5 tumor cells, at which level the body’s immune system may be able to eliminate the 
residual tumor cells ( 85 ). In the foreseeable future, the strategies for treating gliomas should 
be aimed at using multiple adjuvant therapies that have been optimized so as to achieve the 
maximal reduction of residual tumor cells. This multimodal therapy will also overcome the 
inherent problems of the state of tumor cell heterogeneity in which subpopulations of resistant 
cells may remain following a particular therapy, resulting in tumor recurrence. 

The possibility of combining binary treatment systems, such as PDT and boron neutron 
capture therapy (BNCT) ( 86 ), is an exciting development made possible by the synthesis of 
boronated porphyrins such as BOPP ( 17 , 87 - 89 ), which may act as a dual sensitizer for both 
PDT and BNCT. BOPP has the same spectral properties as hematoporphyrin derivative, and 
it is possible to envisage a treatment protocol of surgery with adjuvant PDT followed several 
days later by BNCT. BOPP has a long duration of retention in tumor tissue, and the several 
centimeter penetration capacity of an epithermal neutron beam would overcome the limited 
penetration of red light. 

The PDT process is now being investigated by molecular biology techniques at the protein 
and genetic level. Porphyrin photosensitivity has been examined in tumor cell lines that 
express the multidrug resistance (MDR) phenotype, and tumor cells with high expression of 
MDR genes have shown decreased uptake of hematoporphyrin derivative and subsequent 
resistance to PDT-induced damage ( 90 ). Increasing our understanding of the PDT reaction at 
the molecular level and the interaction of the process with intracellular signaling pathways 
may allow for improvement in the overall effectiveness of the treatment in the future ( 91 - 96 ). 

Techniques in molecular biology involving gene therapies appear to be the most likely 
avenue to produce the “cure” for gliomas, but in the foreseeable future the strategies for 
treating gliomas should be aimed at using multiple adjuvant therapies to achieve the maximal 
reduction of residual tumor and overcoming the inherent problems of tumor cell heterogeneity 
of subpopulations of resistant cells. Until biologic control of neoplasia is developed, PDT is 
likely to become one of a number of adjuvant therapies in the treatment armamentarium for 
cerebral glioma. 
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clinical presentation, 206 


management, 206, 207 
mechanisms in brain tumor, 206 
prevention, 207 
types, 206 

Viruses, see Gene therapy; Oncolytic viruses 

W 

World Health Organization system, glioma 
grading, 4, 37 

Z 

ZD4190, vascular endothelial growth factor 
receptor inhibition, 342 



